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This thesis is a report of acoustical research on the concert harp.
The harp has an established place in the symphony orchestra and is
reacquiring its role as a solo chamber instrument that it had before the
development of the modern piano.
As far as can be determined, this is the first doctoral thesis on
the concert harp and serves as an introduction to the science of the
instrument, The experimental methods employed- holographic
interferonietry, input admittance measurements, Chiadni glitter pattern
methods, sound pressure level measurements- have all been successfully
used with work on other musical instruments. Theoretical calculations
are used to underpin the experimental results for several of the
subjects reported. The experimental results are also compared with the
results of similar tests on different musical instruments. Analyses of
the violin, guitar and piano are particularly used in discussions.
This work is specifically on the "Orchestra" concert harp,
manufactured and sold by the Salvi Harp organisation, though reference
Is made in Chapter 3 to the "Electra" concert harp, which is also a
Salvi harp. The "Orchestra" harp has a similar design to many other
concert harps built by different luthiers around the world.
This thesis is structured as follows. The first chapter is a review
of historical and contemporary research an stringed musical instruments.
The next chapter is a detailed description of the Salvi "Orchestra"
harps the dimensions of all the inportant features are given, the
tensions and materials of the strings are reported and there is also a
short description on the playing of the' instrument.
The next five chapters form the kernal of the research report and
deal with the vibrations of the constituent part of the "Orchestra" and
finally the completed, strung harp itself. In Chapter 3, the vibrations
of the free soundboard are reported in some detail. Analysis is made at
a number of stages of the construction of the soundboard itself. The
position of the neutral axis on the soundboard is also given. There is
also reference to the soundboard of the Salvi "Electra" harp.
Chapter 4 deals with the air resonances in the enclosed air volume
of the "Orchestra" soundbox. Both a Helmholtzian air mode and higher
order air modes are discussed.. Theoretical models are used for both
forms of air modes, Chapter 5 is a report of the vibrational modes of
the "Orchestra" soundbox using both Chladni glitter patterns and
holographic interferonietry. The results of Chapter 5 are confirmed and
expanded by the work in Chapter 6, where input admittance measurements
are made on the soundbox.Chapter 7 investigates the vibrational modes of
the soundbox, both in the isolated state and as part of a completed,
strung harp.
This is followed by a chapter on the directivity of the "Orchestra"
harp in which the principal areas of radiation from the harp are
reported. The next chapter deals with attempts to relate objective
measurements with subjective opinions of six concert harps,.
The last chapter sunimarlses the principal results of the various
analyses reported in this thesis, Suggestions for further research on
the harp are made. There are also suggestions for the improvement of the
Salvi "Orchestra" harp.
There are three appendices at the end of this work. The first deals
with the testing of spruce samples intended for the soundboards of the
harps. The effect of the veneer is also discussed. The second appendix
deals with the production and physical properties of gut harp strings.
The third appendix describes the changes to the resonant modes of an
isolated soundbox produced by changing the shape of the straining and
cover bars of the soundboard.
/
A List of the Symbols used. in this Thests
A: Area
C<t) :Fower cepstrurn
DI: Directivity Index
E	 Young's ?Iodulus of Elasticity
F: Fourier Transform
F':Inverse Fourier Transform
Hz: Hertz
1(f): Intensity distribution
Jt:Directiv1ty factor for a sound source
K: RadiUs of Gyration
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P Power spectrum
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Q: Directivity Factor. (chapter 8)
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SPL: Sound Pressure Level
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Y: Input Admittance
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b: minor axis of ellipse
c: damping term (Chapter 6)
c: velocity of sound in air
dB: deciBels
f: Frequency
f^: upper resonant frequency ofcoupled resonances
f..- lower resonant frequency of coupled resonances
ff1: resonant frequency of uncoupled Helmholtzian air mode
f: resonant frequency of uncoupled 1st. soundboard resonance
Ii: Thickness of plate
J:	 ( -1)
k: spring constant
1: length of bar (chapter 3)
1: lip length of aperture (Chapter 4)
in: metres
in: mass (chapter 6)
r: radius of plate (Chapter 6)
r: room radius (Chapter 9)
r: Spearnians rank correlation
s: seconds
t: time
t60 : reverberation time
t: t statistic (Chapter 9)
vi: velocity of longitudinal waves
vb: velocity of bending waves
x: axis of direction
y: axis of direction
z: axis of direction
%CI:Percentage of Cumulative Intensity (Chapter 9)
Ed: aperture correction term
E: summation term
Q: mechanical Ohm
€: elliptical eccentricity
X: wavelength
p: density
o': Poisson ratio
w angular frequency
: resonant angular frequency
musical flat
musical natural
4: musical sharp
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An acoustical analysis of the Salvi "Orchestra" concert harp is
reported,The structure of the harp is described.The modes of the
isolated soundboard are categorised according to numbers of nodal lines.
The (1,n) modal family are found to be harmonic on some boards.The
(2,n) modal family are shown to be similar to the modes of the completed
soundbox. The position of the neutral axis on the soundbDard is
calculated to be along a glue seam of the soundboard .The air resonances
of the rigid soundbox are analysed: both a Helniholtzian mode and higher
order air modes are found. The Helniholtzian air mode is modelled using an
elliptical substitution.The Helntholtzian and the higher order air modes
are affected by the apertures at the back of the soundbox. Analysis of
the soundbox shows that the Helniholtzlan air mode and the first
soundboard mode are coupled-.Other resonant modes of the soundbox are
shown and are categorised according to the half-waves of motion along
and across the soundboard: these are predominantly modes of the clamped
soundboard. Input admittance measurements on the soundbox give evidence
for the coupling between high order air resonances of the soundbox and
modes of the clamped soundboard. Input admittance measurements are also
conducted on the conipleted,strung barp.Two whole-body resonance of the
harp are shown. The shape of the vibrational modes on the completed
instrument are similar to those of the isolated soundbox.Tbe presence of
the strings is found to affect the vibrational modes of the completed
harpiThe input admittance level of the harp is measured over the range
OHz to 10kHz. The input admittance level and sound pressure level of the
harp at the string positions and frequencies are given: the harp is
shown to be poor at radiating board vibrations with frequencies less
than l7OHz.The directionality of the harp Is examined and the principal
areas of radiation given. There is a statistical analysis of the signals
from six harps to find correlations between objective readings and
subjective opinions. Suggestions are made for further research and for
improving the instrument. It is suggested that the frequency of the
Helntholtzian air mode is reduced to about 150Hz to provide an more even
response in the harp. In appendices, work Is reported on correlations
between physical properties In spruce, the acoustic effects of veneers,
the physical properties of gut strings, the breaking tensions of the
strings on the harp and the change to the resonant modes of the soundbox
due to changes to the bars of the soundboard.
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1Chapter 1: HistoricaLD&ntemporary Research on Stringed Musical
I nstruinents
L1; Introductiom.
For countless centuries, men have employed various instruments to
make music. Many people have used their ingenuity to produce finer
instruments, capable of producing the sounds that were considered
desirable. Today's musical instrument acousticlan represents part of the
current generation of those who care about musical instruments and who
wish to improve them.
This chapter serves as an introduction to this thesis by reviewing the
historical and contemporary research on stringed musical instruments.
Following a historical suinniary, work on the violin, guitar, piano and
other instruments Is mentioned. Some of the scientific methods and
techniques that have been used are then described. As a conclusion,
research on the concert harp and other harps is described.
21.2: Historical Summary
As one studies musical acoustics, it is fascinating to discover how
many famous scientists, often known for other reasons, have concerned
themselves with aspects of musical instrument science.
The Greek philosopher Pythagoras must rank as one of the first of
these. In his work, conducted six centuries before Christ, he showed
some of the basic relationships governing the vibration of a stretched
string [1]. More than two millenia later, the French priest Mersenne
published a more precise theory of the stretched string; his formula is
still used to this day. He also provided some of the first information
on the Young's moduli and tensile strengths of gut and metal strings. He
is further remembered for his "Traite des Instruments" of 1637, a work
that categorised and described a vast number of the contemporary
instruments. The most important author of this period, though, was the
German musician Michael Praetorius, whose "De Organographia" contains
the huge catalogue "Harnionicum instrumentorum libri IV" [2].
Felix Savart is believed to be the first person to conduct scientific
experiments on a stringed instrument; in his case on the violin. He is
recorded as having dissembled a number of violins made by Stradivari and
Guarneri in order to determine the resonances of the isolated top and
back plates of these instruments. He used a powder pattth-n method -
developed by E. Chiadni- to detect the modes of these plates. This
method is still used today and, in fact, forms most of the results of
Chapter 3 of this thesis.
3Savart's work revealed that in a good violin, the major resonances of
the top and back plates were in a particular frequency range; this is
the first mention of niode placement in stringed instruments- a notion
that now occupies an axiomatic role in musical acoustics.Savart was
also the first person to analyse the role of particular components of
musical instruments; in his case the soundpost of the violin 13].
Savart applied his understanding to develop new stringed instruments.
These include a trapezoid violin; an unpopular and. unsightly instrument
which has only been the subject of one research paper [4]. Savart also
built a 12 foot double bass- which he called an "octobase". This had
three strings, and was fingered by a series of tuning rods worked by
foot pedals. This beast, which must rank as the tallest of all stringed
instruments, was used by -the composer Berlioz, but is now regarded as a 	 -
musical folly.
Herman von Helniholtz was a German physicist of the late 19th.
century, who was primarily associated with work on thermodynamics and
electrostatics. However, his work on acoustics was a significant
contribution to the field and can be summarised into three parts. First,
he researched the relationship between the physics of pure and complex
tones and the human perception of these. Secondly, he provided the
mathematical basis for the study of the interaction of a bow with a
vibrting string- an extremely complicated topic which is mercifully not
applicable in a study of the harp. Finally, Helniholtz worked on the
theory of the resonator which now bears his name. This Helinholtzian
resonator occurs on practically every instrument which has a soundbox
4and an airhole, though there do appear to be certain exceptions in
(edieval and Baroque harps [5].
Contemporary with Helntholtz, Lord Rayleigh also had an involvement
with acoustics. His major publication was the "Theory of Sound" of 1877;
a two volume work which encapsulated and developed all that was then
known about the vibrations of strings, membranes, plates and bells, His
work still forms the starting point for many acoustical analyses (6].
The last of the "historical " researchers to be mentioned is the Indian
physicist C.V. Ranian, who gained a Nobel prize for his work on
spectroscopy. He began his studies on acoustics in the first twenty
years of this century; working both on European and Indian instruments.
His biggest contribution was a early description of the "wolf tone" -an
unsteady and stuttering tone common on the 'cello but found on other
string instruments. His simultaneous photographs of the vibrations of
the instrument body and strings are reproduced in modern works [3].
We will now go onto consider contemporary research on musical
instruments. The violin, guitar and piano will be considered in turn
before mention is made of work on other stringed instruments.
51.3: Contemporary Research on Nusical Instruments
1.3,1: The Violin
The violin has always been the central object of acoustic research.
ThIs is due to a number of reasons; the popularity of the instrument,
its central role in the modern orchestra and - from a scientist's point
of view- the delightful and tantalizing complexity of the physics of the
instrument. Nany of the major researchers on the violin can be sorted
into three groups: the Catgut Acoustical Society (based in America), the
Stockholm group, and the German group. These groups are by no means
mutually exclusive and there are other major researchers who are
independant of them.
The Catgut Acoustical Society, officially founded in 1963, grew out
of informal contacts between R. Fryxell, C. Hutchins, S. Schelleng and
F. Saunders. The society publishes a semiannual journal under the
editorial control of Fryxell; the Catgut Acoustical Society Newsletter,
which was renamed the Journal of the Catgut Acoustical Society in 1984.
This journal is an important means of disseminating information about
the construction and research on stringed musical instruments.
F. Saunder's major contributions were to analyse the spectra of
severl hundred violins and to study the physics of the bow- vibrating
string interaction; in this he confirmed much of Raman's work.
J.Schelleng used his knowledge of electrical engineering to devise an
electrical analogy for the violin; which he described in his paper
6"The Violin as a Circuit". This analogy can be used to solve many
acoustic problems. Schelleng also worked with C. Hutchins onthe design
of 8 violin-like Instruments, ranging in height from 10 inches to over 8
feet and encompassing the full useful frequency range. The acoustical
axiom for this violin octet is the placement of two major resonances of
the soundboxes in each of these instruments,
C. Hutchins is the only founding member of the Catgut group to have
trained as a violin luthier - In her case, under K. Berger and S.
Saccorii. She has published a score of scientific papers over more than
two decades as well as establishing a large workshop in Montclair, ew
Jersey. The principal results of her work on the violin have been
condensed Into three review papers. In 1962, she published "The Physics
of the Violin" and nearly 20 years later the sequel "The Acoustics of
Violin Plates" [8]. She further describes much of her collaborative work
in her tutorial paper "A History of Violin Reearch" [3].
In "The Acoustics of Violin Plates" [8] she describes how the tuning
of the 1st., 2nd, and 5th. vibrational modes of the free plates can
determine the tone of the finished instrument: these modes are drawn in
Fig. 1.1,She reports five findings:
1. An instrument of good quality results when mode 5 has a
relatively large amplitude and its frequency in the top plate lies
within a tone of the frequency in the back plate.
2. Smooth, easy playing characteristics result when the frequency of
mode 2 in the top plate lies within 1,4% of that of mode 2 in the back
plate.
I3. If mode S is at the same frequency in pair of front and back
plates, the frequency of mode 2 in the top should be within 1.4% of that
in the back, otherwise the resulting instrument is hard to play and has
a harsh gritty tone.
4. Violins of exceptional quality have resulted when modes 2 and 5
are placed approximately an octave apart in each plate and at
corresponding frequencies with high amplitudes in both plates.
5. A further refinement is to place the frequency of mode 1 in the
top plate an octave below that of mode 2, so that modes 1,2 and 5 are in
a harmonic series.
The second major group of violin researchers are based in the Dept.
of Speech Communication and Husical Acoustics at the Royal Institute of
Technology (KTH), Stockholm, Sweden. Over the last 20 years, this group
has published a steady stream of papers: particularly in the Royal
Swedish Academy of Husic publications and the "house magazine" - the
Speech Transmission Laboratory Quarterly Progress and Status Report".
One of the group's principal achievements has been the analysis of
many of the major modes of the body and plates of the violin, using the
methods of input admittance measurement and laser interferometry. The
first major paper, published in 1970 [9], showed photographs of
previously unseen violin modes. Twelve years later, they published a
paper describing the major modes of the completed violin [10]. In
recent years, they have been working on the relationship between the
vibrations of the free plates and those of the completed instrument
[ 11]
8One of the principal members of this group, Eric Jansson, was one of
the first researchers to analyse the air resonances of the violin (and
guitar) cavities, Fig. 1.2 shows Jansson's description of the higher air
modes in these instruments 112]. Although these modes on the violin do
not produce much vibration at the f-holes, they do influence the sound
of the instrument because they interact with the vibrations of the top
and back plates. This has been shown by Bissinger and Hutchins, who
replaced the air inside a violin with a heavier gas, and inonitered the
changing characteristics of the instrument [13].
Jansson has also colaborated with A. Gabrielsson of Uppsala
University in trying to find objective methods of assessing the
characteristics of "good" violins. The first method was an averaging of
the sound output of the played instruments called LTAS. They were able
to find reasonable correlation between the objective indicators and the
subjective assessments [14].
Notwithstanding all his publications, Jansson has maintained a
healthy understanding of the limits of scientific understanding. As he
reports in one of his recent papers,aptly titled "Function of the Violin
Body- what the Physicist does not know", he asks whether he is actually
Including all the important parameters of violin activity In his
investigation [15].
9The third major group of researchers are a number of German
researchers from institutes in both the Federal Republic and the
Democratic Republic. The historical contribution of this group is given
in Hutchin's paper [3], so only contemporary work is described here.
Jurgen Neyer, of Braunschweig, is well known for his voluminous
amount of work on the directivity of instruments, the sound pressure
levels of orchestral music and the effective design of concert halls
(16], but he has also conducted much research on the statistical
analysis of violin spectra. In one of his recent papers, he is able to
acoustically separate original Stradivari violins from counterfeit
Strads. He also reports acoustical differences between families of
modern factory violins and the violins made by old masters; though he
does also list non-acoustical reasons for the measured differences.
The physicist L. Creiner of Berlin has a particular speclalisation on
the science of the bowed string, He has recently published a keynote
work titled "The Physics of the Violin" [171, which is an English
translation of the German original. This major work collates much of the
research on the violin; half of the work is given over to the bowed
striig (showing Cremer's speciality) while the other half deals with a
theoretical and experimental appraisal of the physics of the instrument.
As well as these three groups, there are numerous individuals and
research teams working on various aspects of the violin. Mcintyre and
Voodhouse, of Cambridge, conducted much experimental and theoretical
work on the bowed string. More recently, their interest has turned to a
10
theoretical method of defining the parameters governing the motion of
wood, and in a three part acticle, they spell out how the vibrational
properties of a wooden plate can be theor.sed [18]. C. Gough, at the
University of Birmingham, has mostly concentrated on the coupling
between string resonances and body resonances; he uses a succinct
electro-optic device to measure the action of this coupled resonator
system (19]. The physicist and musician N. Rafferty, while working at
the University of Cardiff, used a development of Gough's device to
investigate longitudinal vibrations in violin strings [20].
1.3.2: The Guitar
A smaller group of researchers have worked on the acoustics of the
guitar; usually specifically on the classical guitar. Nany of the
physibal principles determining the acoustics of the violin can be
applied to the acoustics of the guitar. This is especially true for the
coupling of the air mode and the top plate mode of the instruments.
?'Iost of the major research on the guitar has taken place in the last
16 years. In 1971, Jansson reported a study of the resonances of the
top plate of the guitar using holographic Interferometry [21]. Firth
also gave holographic photographs of a large number of top plate
resonances; he went onto report an analogous electrical circuit to
explain the coupling of the air and top plate resonances [22]. This
circuit has been developed by Dickens [23] to include the motion of the
back plate of the instrument and even suggests a four-mass model to
include the action of the ribs. Christensen and Vistensen [24] use a
12
mechanical model of a triple resonator system, including damping terms,
to theorise the response curve of the guitar in the frequency regime of
the first three air volume/plates modes. Rossing, Popp and Poistein [25]
give a good summary of the analogous circuitry as well as reporting
testing of the guitar under different boundary conditions e.g. aperture
blocked, plates or ribs inunobilised.
In his doctoral thesis for the University of Wales [26], Bernard
Richardson shows particularly fine photographs of the vibrational modes
of the guitar. He also suggests a notation for describing the top plate
modes of the guitar and shows evidence for the coupling of not only the
Helntholtz and first top plate modes, but also the interaction of higher
plate modes and standing wave air modes in the soundbox. Richardson has
also investigated the resonant modes of the guitar during the various
stages of its construction. He reports that the effects of the binding,
fretboard, strings and polish only slightly change the vibrations of the
top plate, while the addition of the bridge has a major effect on the
higher plate modes, in some cases increasing the modal frequencies by as
much as 50%. Richardson also suggests that the maker can selectively
tune these higher modes to produce a desired mode placement.
Jovi3iC and Jovii6 conducted experiments to ascertain the effects of
the bracing bars on the acoustics of the completed guitars [27]. They
report that the bars do not greatly affect the resonant frequencies, but
do affect the sound pressure level characteristics of the instrument and
the shape of the resonances at certain frequencies.
13
Rossing, Fopp and Poistein's paper [25] is of particular Importance
as they give many of the vibrational modes of individual parts of the
guitar -both a folk guitar and a classical guitar are considered- with
the rest of the instrument being held Immobile. They then go onto show
the modes of the complete instruments, including sideviews of the ribs
of the soundbox. They also give a heuristic description of how the
vibrational characteristics of the guitar are the results of coupling of
individual modes.	 -
The topic of coupling has now become so complex that Richardson [28]
defines four different forms of coupling.There Is Intermodal coupling
between modes of the same plate due to the non-zero value of the various
Poisson ratios. There is coupling betwen the plates and air cavity. The
third form is mechaniàal coupling where the top and back plates are
coupled through the ribs. Finally, there is radiation coupling, in which
acoustic energy from the motion of one plate mode is absorbed by the
other plate, which is then set In motion.
The object of all this research is to use the knowledge of the guitar
to produce more desirable Instruments. In 1983, J. Meyer [29] reported
the results of a major project to determine what were the physical and
acoustical characteristics of the most desired instruments, and then to
determine how changes to the structure of the guitar -particularly the
cross bracing and the strutting - affect the quality of the instrument.
He reports very good correlation (r=O.88) between the subjective
assessment and objective criteria. Most of the important criteria of
good Instruments -reports Meyer- are certain characteristics of the
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first three major resonances of the top plate and the sound pressure
levels in particular frequency regimes.
1.3,3±The Fiano
Of the trio of instruments mentioned above- the vlolin,guitar and
piano- the last has received the least attention. It is of some import
to mention it here as many of the properties of the piano are similar to
those of the concert harp.
Nost of the early research on the piano centred on the physics of the
strings. Blackhams' paper of 1963 deals with attempts to produce
synthetic piano tones [30]. Weinreich's 1979 paper [31) is chiefly
concerned with the Interaction of the tricord piano strings when struck
by a hammer. He does mention that the bridge of the instrument Is
flexible and also describes a simple experiment to show that there Is a
complex radiative mechanism from the soundboard. Benade's chapter on the
piano Is chiefly concerned with the hammer and strings, though he does
mention a few simple statements that deal with the action of the
soundboard [32]. Jurgen Meyer describes the directivity and sound
pressure characteristics of the grand piano, but does not expand hIs
work to consider the vibrational modes [33].
The first mention of a soundboard's action is In Nakaniura's paper of
1983 [34]. He reports the modes of two upright piano soundboards with
and without the strings. Without the strings, the modes are the simple
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polar configurations that have been seen on the guitar. With the
addition of the strings, the resonant modes and frequencies change. There
is also evidence for strong coupling between the soundboard and the
strings. Nakaznura reports "false" modes on the soundboard that perhaps
he should not discard. lIe also reports that the soundboard acts as an
isotropic plate at low frequencies, while at higher frequencies the ribs
form boundaries and small regions of the board vibrate separately.
Kottick reportsworking on pianos, but only gives results for
harpsichords. However, his Chiadni powder patterns show modes that
confirm Nakamura's assessment that the ribs of the soundboard act as
boundaries. Kottiãk's mode for a Zuckerman harpsichord is shown in Fig.
1.3 [35].
In 1980, K. Wogram published a three part report on the piano in the
German language journal "Das Musikinstrument" 136]. This report was
considered to be sufficently important to warrant translations into
French, Italian and English 137]. Most of Wograni's paper is concerned
with the mesasurement of input impedance of a piano soundboard at a
number of string pins alone the bridges. He reports experiments to test
the acoustical role of the strings, backpost, the cast iron plate and
the ribbing. He also investigates the decay rates and inharnionicity of
the piano tone. Wograin's paper is a very significant contribution to our
understanding of the instrument, but there Is one inconsistency, which
perhaps arose from the translation. In Section IV, part 2, Wogram writes
that " impedance peaks show up as sound radiation peaks", although It is
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widely established that admittance peaks are indicative of sound
pressure peaks.
As a conclusion to this part, Zarek and Pamplin [38) give a timely
reminder that scientif,ic activity must communicate effectively with the
"ailing piano industry" to produce an effective and effeclent modern
industry.
1,3,4: Research on Other Istruments
Although the work on the violin, guitar and piano form a good part of
the research on stringed musical instruments, there has been work on
other instruments that ought to be mentioned here.
The viola, 'cello and the double bass have all been the object of
analysis. Hutchins [3] mentions the effects of playing a viola with
unconventional modal frequencies. Fredin, Hammel, Strain, Townsend and
Vilson report analysis of the spectra of bowed violas [39],
Firth is one of several researchers to have considered the 'cello,
his first treatment being to analyse the wolf tone of the instrument
which is reported in two papers [40,41] and which also underpins part of
Benae's section on this topic [32]. Firth went onto work on a method of
varying the resonant modes of the 'cello which is applicable for other
instruments [42].
18
Askenfelt has given a wide ranging report concerning the double bass
[43]. He shows the similarity between the characteristics Of the 'cello
and the druble bass. He also gives suggestions for the characteristics
of a high quality bass, from analyses of both input admittance traces
and LTAS diagrams.	 -
Agren and Stetson [44] conducted some of the first holographic
interferometric experiments on a musical instrument; in thâir case on a
treble viol. They show that clamping the top plate to an experimental
jig is a reasonable accurate simulation for a completed instrument. They
then use the information of the testing to suggest a design for a
stronger and more even instrument. As far as can be seen, there are no
reports on the successful testing of this new instrument.
The acoustics of stringed instruments are very complex and it is
useful to consider some features of simpler acoustical systems to get an
initial understanding. Recent studies of bells, cymbals and timpani are
all useful guides. Rossing and Shephard's work on the cymbal (45]
illustrates many of the families of resonant modes and also show some
resultant modes when two vibrations combine. They further show that
these frequencies can be described by a form of Chladnl's law.
Perrin et al. [46] also show that this law can describe the modes of
a chu-ch bell. Christian et al. [47] give a theoretical analysis for the
action of the air enclosed in the kettle drum on the membrane. This
provides some understanding of the action of the air enclosed in the
soundbox on the soundboard of the harp.
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The large stringed instruments: the harpsichord and clavichord have
also been analysed. Fletcher [48] gives a good summary of the physics of
the strings, soundboard and soundbox in the harpsichord, but he only
provides a few pieces of experimental evidence to support his proposals.
He makes the unsubstantiated proposition that the panels of the
soundboard, divided by the ribs, will vibrate separately, He also
speculates that there will be a Helinholtzian air mode in the rose (the
airhole) of the box, and gives its frequency as below 100 Hz.
Fletcher's proposal for the Helniholtz air mode has been rejected both
by Savage (49] and Arakawa [50], though neither publish experimental
evidence. Spencer (51] calculates the frequency of the Helniholtzian mode
on his harpsichord, and finds that it would occur at a lower frequency
than the gravest string. He further reports that "I have not come across
( a single harpsichord) where It makes a detectable difference to cover
up an existing rose". He does report that there is a "booming" air
resonance In the soundbox which he attributes to an "organ pipe mode".
Kottick (52] gIves some Chladni glitter patterns of various
harpeichords which partially confirm Fletcher's proposal in that the
structural members can act as nodes but only at high frequencies. He
also gives some response curves for a number of harpsichords.
The clavichord has been examined by Thwaites [53]. In her succI'.ct
paper, she reports a I-Ielmholtz air mode through the inousehole (air
hole)and that there are standing wave board resonances on the
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Instrument. She also gives details of two fine analogous circuits to
determine the action of the instrument and lists some performance tests.
There-are three other diverse Instruments that should be mentioned.
The triangle Is not the most dominant instrument In the modern
orchestra, but Dunlop has conducted a study of the flexural vibrations
in this instrument [54] as a part of his development for the alemba
[55]. He determined two families of modes; those in the plane of the
instrument and those in a plane perpendicular to the Instrument. The
mode shapes for the first six modes are shown in Fig. 1.4. These are of
particular interest because the vibrations of the concert harp also show
in-plane and perpendicular-to-plane motions.
Feng has reported work on the p'i-p'a, a Chinese instrument similar
to the European lute [56]. It is fascinating to see how modern acoustic
analysis can be applied to non-European instruments. This instrument is
especially interesting as it does not have any Helinholtzian air
resonance and thus joins the small group of instruments with this
characteristic notably the harpsichord and the baroque harp. It should
be noted that there is an error in Feng's calculation of the frequency
of the elusive Helmholtzian mode, The correct value is 100 Hz, not 139
Hz as Feng states.
Lastly there is Firth's work on the lute [57]. This is a lucid and
considered work on the vibrations of this Instrument. It is specifically
mentioned here as it was produced to contradict Rottman's view that "the
2].
sound producing part of an acoustic system is not capable of resonance"
[58]. This statement represents an attitude of mind among some workers,
who adjust or distort the laws of acoustics to confirm their own
prejudices. It Is this very attitude that modern acoustics must seek to
remove.
1,4: The Experimental TeknIques of Modern Research
Apart from reviewing the work on the various instruments, it Is
useful to sumniarlse the various techniques that are being used. These
will be mentioned Only briefly as the techniques used in this work are
described at the beginning of the relevant chapters.
The Chladni powder pattern method is one of the oldest techniques,
but it is used as a cheap and simple means of viewing resonant modes. It
is especially used for work on violins [3] but has been used on numerous
other instruments ; the 'cello, guitar, harpsichord to name but three
[4,24,25,34,47,52,57].
The technique of measuring the input admittance of an instrument is
probably the most widely used method of gaining quantitative results for
the response of an Instrument. Input admittance is the complex ratio of
velocity over force at a particular point. It Is especially useful
because at low frequencies, the maxima on the Input admittance traces
are at the same frequency as the sound pressure level maxIma [10]. The
reciprocal of input admittance -input impedance- can also be measured
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though currently, only Wograin prefers to use this technique (36,37]. The
related concept of transfer admittance has been used but only in a. few
limited cases [59].
The use of impulse techniques has been widely used in studies on
brass instruments [60,61] and has also been applied to studies of string
instruments (62]. The advantage of this system is that after the initial
excitation, the system is left to vibrate freely. The problem of finding
methods of vibrating instruments without disturbing or distorting the
natural resonances has been tackled by Gough, who uses an acoustic
resonant scattering technique to find the modes of violins [63].
Weinreich has extended this notion to one of acoustic reciprocity (64].
In this system, the instrument is excited by sound waves and the
resultant motion of the instrument detected by a pick-up.
Holography has been used extensively over the past 15 years as a
method for visualisiug the resonant modes of instruments. The advantage
of this method over that of Chiadni's is that holography gives
Information about the antinodal regions of resonances. One new
development can even give information about relative phase [65]. This
technique has till now been restricted to use in the laboratory, but
with the development of the "Vibravision" system, among others,
holography can now be conducted in situ [65].
There are two other computer based methods to be mentioned. Modal
analysis Is a technique where information from several measuring points
on a vibrating Instrument Is analysed to give pictures of the natural
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modes of vibration [66L Finally, there is the very costly technique of
finite element analysis. A vibrating surface is considered as a set of
interconnected elements, each with a va.lue of mass and stiffness. The
resonant modes of the surface can then be solved by the solution of a
large number of simultaneous equations. It has produced some very
interesting theoretical results [67,68,69], but there are problems with
this method, The main problem, apart from cost, is the large number of
elements, each with particular values of mass and stifness, that are
needed to characterise a wooden soundboard.
1,5: Acoustic Research on theJ1tp.
Scientific research on the harp has been dominated by Dr Ian H. Firth
of the Dept. of Physics, University of St Andrews. In 1977, he published
the first scientific paper, which was on the Scottish clarsach (70]. In
this wide ranging paper, he analyses the vibrations of the free
soundboard, the soundbox and the completed instrument. He also gives
some details about the action of the strings.
In his 1984 paper to the Institute of Acoustics, he expands the
subject of the strings and considers the historical development of
various parameters including string inharmonicity and pitch distortion.
lie also notes the action of the soundboard and the action and resonances
of the soundbox (71].
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His paper "Harps of the Baroque Period" Is an analysis of two Baroque
instruments; these modes of these being determined by impulse
techniques. He also considers the air resonances of these instrunients
and both Helntholtz modes and standing wave resonances are found in one
of them. Consideration is also given to the action of the string bray, a
device common to Renaissance and Baroque Instruments 172]. He is
continuing his research on the historical development of harps, a paper
entitled "The Acoustics of the Irish and Highland Harps" is to be
published shortly.
Birth has also published a string of papers dealing with the history,
design philosophy and physical characteristics of harp strings. The
paper on the strength of gut was the first paper on this long-neglected
subject [73,74,75,76]-.
There has been little other work on the harp. Kasha and Kasha [77]
cite the soundboard of a classical harp as an example in their paper on
the guitar, but their analysis is not substantiated by experimental
results. Trucco Nontinengo of Genoa University has developed a
theoretical model for the 1-Ielntholtzian mode In the concert harp, this
has not been published, but Is explained in Chapter 4 of this thesis.
This thesis represents the summation of five years work on the
concert harp, beginning with undergraduate work and then developing into
postgraduate research. I had for many years believed that this would be
the first doctoral thesis on the harp, but I have found an earlier one
[78], sq I must change my claim.This is the first scientific thesis.
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hapter 2: The Descriptlonof_the Salvi "Orchestra" Concert Harp
The earliest form of instruments to be described as harps were the
arched harps of Ancient Egypt and the Middle East, which are still
played to this day in Central Africa and Burma El]. Fragments of such
instruments have been excavated from burial tombs and have been dated as
old as 2500 years. There are references to similar instruments in the
Old Testament and in ancient Indian and Chinese writings.
As regards the instrument that we would call a harp, with its
characteristic triangular shape, the earliest drawings of this
instrument are in the TJtrecht Psalter of the ninth century. Such Western
Frame harps were prevalent thoughout medieval Europe[2]. Firth(3] has
outlined a number of developments of the instrument during the Middle
Ages, including the use of scaling rules for the strings and the use of
apertures in the rigid soundboxes of these harps. This form of harp was
still predominant in Ireland and Scotland until the early 18th. century.
The modern concert harp, with its flexible soundboard, had its origin
with 17th century luthiers working in Central and Southern Europe. Over
the next two centuries, various luthiers produced larger and larger
inst1uments. These were tuned diatonically, with seven notes to the
octave. This posed a problem for most Western music required chromatic
instruments, with twelve seinitones to the octave. To overcome this
problem, in 1720, Hockbrucher devised a mechanism for the harp which
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made a new range of musical keys available. Seven pedals, in the base of
the harp were connected to rods in the column and string arm to move
hooks which could pull against each of the strings thus, shortening its
length and raising its pitch by a semitone. In 1810, Sebastien Erard
developed this principle and built a double action harp. Two rows of
studded discs, two discs for each string, enabled the pitch to be
raised by a semitone or full tone. This double action harp could be
tuned in all musical keys (4].
The Erard design has remained the standard form for the modern
concert harp. There have been some developments since 1810; notably the
development of a cThromatic harp, the addition of a muffing device which
muted the tone of the instrument by blocking the apertures of the
soundbox, and the extending of the soundboard at the bass end to improve
the bass tone of the harp. Of these three developments, only the last is
still in use, the other two having been discarded,
2,2: The Salvi "Orchestra" Concert Harp.
This study is specifically concerned with the "Orchestra" concert
harp manufactured by N.S.K. of Piasco, Italy a subsidiary of the Savi
Harp Organisation. This harp is typical of most concert harps without
extended soundboards and its dimensions are close to those of the Erard
harp.
The "Orchestra" harp is illustrated in Fig.2.1 and the principal
parts are labelled. There are four main parts to the concert harp; the
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base, the column, the string arm and the soundbox. The column and the
soundbox rise from the base to support the string arm, The column,
string arm and base are made from a strong wood/resin laminate. The
strings rise from eyelets in the soundbox to pegs on the string arm.
Fig.2.2 shows the pin and peg arrangement for a string at the string
arm. The string passes over bridge pin, which determines the maximum
vibrating length of the string, before winding around the tuning pin.
The tuning discs below the bridge pin are controlled from the pedals in
the base. The action of the discs is shown in Flg.2.2: they rotate and
capture the string thus shortening its string length and raising its
pitch. There are seven pedals in the base,one for each note in the
diatonic scale. The ordering of the pedals and the configuration of the
notches for the pedals are shown in Fig.2.3.
With regards to the playing of the instrument, Rensch [2] gives this
"The harp, when in uses rests on the right shoulder and inner
knees of the player to such an extent that only its rear feet remain
on the ground...Except for special effects the string are plucked
approximately at a midway polnt,....Only the thumb,the index finger,
the middle finger and the ring finger of each hand are used in
playing, the little finger being considered too short for practical
use...The strings are usually plucked with the fleshy tips of the
1ners. Fingernails should be kept short.. .The position of the
harpist's arms varies from an absolutely horizontal one to one of
moderately raised elbows, according to the preferred method of the
Instructor. The right arm is usually permitted to touch the right
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side of the soundboard. At no time should the student be permitted
to lean on the soundboard while playing."
2i The Soundboard of the "Orchestra"
The soundboard of the "Orchestra" comprises a spruce plate and four
wooden bars. The dimensions of these are shown in Fig.2.4,and the
position of the bars on the plate in given in Fig.2.5.
The spruce plate is 131cm long, the width tapers from 41cm at the
bass end to 10cm at the treble and the thickness tapers in the same
manner from 10mm to 3mm. The grain of the soundboard runs across the
plate. There is a thin veneer (C 1mm) on the front of the plate; the
grain of this runs along. the plate. It is shown, in Appendix 1, that
the presence of a veneer effects the physical characteristics of a
spruce bar; particularly the Young's moduli and the reciprocal damping.
The cover bar is at the centre and front of the plate and runs along
Its entire length. The cover bar is made of beech wood and the grain
runs along the length of the bar,Like the spruce plate, it both narrows
and tapers from the bass to the treble, the precise dimensions are given
In Fig. 2.4(b).
Tie spruce harmonic bars are of a similar shape to the cover bar,
the dimensions of these are given in Fig.2.4(c), These are shorter than
the cover bar or the spruce plate, and are only 105cm long, These bars
ar placed on the back of the spruce plate,one on either side of the
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centrally placed straining bar. They approximately bisect the distance
from the centre of the plate to its edge. The grain of these bars is
along the length.
The beech straining bar, as shown In Fig.2.4(d), has a more complex
structure than the other constituents of the soundboard. Going from the
bass end to the treble, the width of the bar of the bar initially
narrows, then increases slightly before gradually thinning towards the
treble. The thickness of the bar increases from 2cm to 2.5cm, before
thinning towards the treble. The grain of the bar, like all the others,
runs along the length of the bar.
The bars are glued to the board with epoxy resin. Although it Is not
possible to determine tha strength of the resin alone, because It is
Impossible to make solid castings, the manufacturers believe that with
wood, the resin seam is as strong as the materials it binds (5].
The soundboard is attached to the soundbox at the edges. A large
screw (7cm.) passes through the bass end of the soundboard at the centre
of the straining and cover bars and Into the base end of the soundbox.
Apart from this screw, the board Is held along its edge and the holding
method Is shown In FIg,2.6. The edge of the soundboard is sandwiched
between a holding bar and the rim bar and the soundbox on the other
side. ll the seams are glued with epoxy resin. The board must be
securea firmly in order to stand up to the high tension of the strings.
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2.4: The Soundbox of the "Orchestra"
The soundbox of the "Orchestra" is shown in Fig.2.7. It consists of
a spruce laminate shell, 3mm thick, in a semiconical shape, There are
large blocks of wood laminate at the top and base of the box, There are
two glued bars which run along the rim of the shell, and two further.
bars which run along the the shell close to the apertures, which are
along the centre of the soundbox. Four struts run across the box from the
rim bars to the inner bars. These are concave in shape in order to avoid
damping the convex shell. The areas around the apertures, bounded by the
struts and the inner bars, are thickened by wooden plates, so the depth
of the apertures is approximately 1cm.
The apertures are numbered for the purpose of this thesis. The
numbering and shapes of the apertures are given in Fig.2.8. Apertures
Nos. 1-5 are almost rectangular in shape, aperture 6 is oval. The
original purpose of these aprtures was in stringing: a hand could be
passed through them to pull a string through its eyelet. They do have an
acoustical role as will be shown in Chapter 4.
2.5: The Strings of the "Orchestra"
There are 46 strings on the "Orchestra", these run from eyelets in
the centre of the cover bar to the pins in the string arm. For the gut
strin plastic rings are f1çd into the bar to prevent the strings
tearin the wood. For the metal strings, thick slugs of plastic are
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fixed into the cover bar above the eyelet for the same purpose. The
positions of the string eyelets on the soundbcx are shown in Fig.2,9.
As the harp is tuned diatonically, the strings are numbered seven to
each octave, the numbering of the strings beginning at the treble end.
With older harps, the highest string is lst.E (2489 Hz), but with more
recent harps, including the "Orchestra", there are two additional and
higher pitched strings. Rather than have different counting systems for
different instruments, these two strings are numbered 0 and 00.
Harp strings are made from three materials: gut, nylon and metal. In
general, nylon strings are used f or the treble strings, gut is used for
the treble strings and metal for the bass octaves. There is no definite
rule as to which strings must be of which material, Gut strings can be
used upto OthG but these strings are close to their breaking tensions at
such pitches: this is shown in Appendix 2 of this thesis. Nylon strings
are manufactured for strings down to 5th.A, but the tone of such strings
is considered to be inferior to that of the gut alternatives,
particularly in the 3rd. and 4th. octaves.
There is a similar varience as to which strings are gut and which
are metal. There is a metal string manufactured for the 5th.D position,
but there is also a gut string manufactured for the §th.A. The
transition between the gut/nylon strings and the metal strings can occur
anywhere between these points. It is left to the individual player to
decide how to string her harp. In this study, the adopted string is that
adoopted by the Salvi organisation and used in the Salvi showrooms,
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The first ten strings are nylon, strings Nos. 9 to 33 are gut and the
remainder are metal. The dimensions of the gut and nylon strings are
given in Table 2.1.
The metal strings are composite: consisting of a steel core
overwrapped by a copper or copper-silver alloy wire, A thin packing of
nylon fibres is laced around the core before wrapping to give the wrap
wire a firm base to grip on. The dimensions of the metal strings are
given in Table2.2. The presence of the wrap explains why the total
diameter is greater than the sum of the diameters of the constituent
parts.
The string tensions of the "Orchestra" were measured and th(e results
are given in Fig.2.1O. the graph of the string tensions show a gradual
increase in tension for thetreble strings to the central octaves, then
a sharp increase in tension at the gut/metal boundary, a further slight
increase over the first three metal strings and then a slight decrease
to the lower strings.
The total string tension on this harp is 9350 Newtons. The harp must
be built to withstand this tension for many years. Any development of
the harp must insure that the new harp can bear such a large tension.
As well as this, there is a sharp increase in string tension at the
gut/4tai boundary- an increase of 1SON over a few centimetres. This
creates a large shear at this region of the soundbox. Thus the harp
must also be built to bear such a large shear. The construction of the
harp must embody strength.
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ITable 2.1:
Physical Properties of Cut and Nylon Strings on the Salvi "Orchestra"ITarn
String and	 Frequency	 Diameter	 \'ibratinc
String No.
	
(in Hertz)	 (in mm)
	
Lenc!th (metres)
0th C (0	 296O	 0.52	 0.071
0th F 0
	 637	 0.52	 0.082
1st E 1	 2489	 0.56	 0.088
1st D 2	 2218	 0.56	 0.095
1st C 3	 1976	 0.61	 0.105
1st B 4	 1864	 0.62	 0.113
1st A S
	
i51	 0.65	 0.123
-J
>-
1st G 6	 1480	 0.69	 0.132
1st F 7
	
l3l	 0.70	 0.143
2nd E 8
	
i.244	 0.69	 0.154
2nd D 9	 1109'	 0.70	 0.164
2nd C 10	 .988	 0.73	 0.177
2nd B 11	 932	 0.76	 0.192
2nd A 12	 330	 0.0	 0.21'8
2nd G 13	 740	 0.85	 0.225
2nd F 1.4	 659	 0.90	 0.242
Zyd E 15	 622	 0.95	 0.265
3rd D 16	 554	 1.00	 0.285
3rd C 17	 494	 1.06	 0.327
3rd B 18	 456.	 1.12	 0.354
3rd A 19	 '415	 1.18	 0.385
3rd G 20	 370	 1.24	 0.421
3rd F 21	 330	 1.30	 0.455
4th 1 22	 311	 1.36	 0.498
4th D 23	 277.	 1.44	 0.542
4th C 24	 Z47.	 1.52	 0.591
4th B 25	 233	 1.60	 0.644
4th A 26	 2.01	 1.68	 0.699
4th C 27	 185.	 1.76	 0.753
4th F 28	 1.65:	 1.84	 0.813
\Tjbratjn
Length (metres)
0.880
0.945
0.999 I-
1.053
1.103
String and
String No.
5th 13 29
5th D 30
5th C 31
5th 13 32
5th A 33
Table 2.1 (continued)
Frequency	 Diameter
(in Hertz)	 (in mm)
115	 1.92
lJ	 2.00
123	 2.10
116	 2.20
]fl4	 2.35
Table 2.2: Physical Properties of Metal Strings of the Salvi "Orchestra"
String and
String No.
5th C 34
5th F 35
6th 13 36
6th D 37
6th C 38
6th B 39
6th A 40
6th 0 41
6th F 42
7th 13 43
7th D 44
Frequency
(in Hertz)
9
82
77
('9
61
58
52
46
41
39
35
Core Wire
Diameter
(in am)
0.80
0.80
0.80
0.85
0.90
0.95
1.00
1 .10
1.10
1.25
1.30
Wrap Wire Total Vibrating
Diameter Diameter Len'th
(in mm)
	
(in mm) (in m)
	
0.24	 1.45	 1.150
	
0.32	 1.55	 1,180
	
0.35	 1.65	 1.222
	
0.40	 1.75	 1.257
	
0.43	 1.92	 1.299
	
0.45	 2.05	 1.330
	
0.50	 2.15	 1.359
	
0.55	 2.30	 1.397
	
0.60	 2.45	 1.421
	
0.65	 2.60	 1.445
	
0.68	 2.75	 1.475
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cbpter 3: VibrationaLAnalysis of the Free Soundboar
3.1: Introduction
This chapter deals with the flexural vibrations and bending
properties of the free harp soundboard. Analysis is reported for two
different forms of soundboard, The first is the "Orchestra" soundboard
as described in Chapter 2 and the principal instrument under
Investigation in this thesis. The second is the soundboard of the Salvi
"Electra" harp, which has not been described yet but is included as it
has some interesting vibrational properties that are not found on the
"Orchestra". Vibrational analysis, using Chiadni powder tests or
holographic interferoinetry, was conducted on the soundboards at various
stages of construction. Calculations are made to confirm the frequencies
of the vibrational modes of ihese soundboard. The position of the
neutral axis on the "Orchestra" soundboard Is also reported.
This chapter Is laid out as follows:
3.2: Theoretical and Background Naterial
3,3: The Wal].er Notation for Free Board }Iodes
3.4: The Experimental Techniques
3.5: The Vibrational Nodes of the "Orchestra" Soundboard
3.6: The Position of the Neutral Axis on the "Orchestra" Board
3.7: The Vibrational Nodes of the "Electra" Soundboard
3.8: ConclusIons
3,9: References
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3.2: Theoretical and Background Information
The wave equation governing the flexural vibration of a stiff
isotropic plate is given by Morse and Ingard (1):
	
1/	 i2e(I'2)	 z
	
Vz	 2O
where p= density of the plate (kg/nP)
o'= Poisson ratio of the plate material
E= Young's modulus of the plate material (Pa)
h= the thickness of the plate (m)
The velocity of a longitudinal wave through a thin plate (h<<X) (Vi)
is:
Vi = (El (p x (1_oz))]
Solution of the wave equation at the top of the page for a simple
harmonic vibration gives the formula for the phase velocity of a
bending wave along the plate (vb):
= (1.8 x f x h x Vi)
where f is the frequency of the wave (Hz).
As Vb changes with frequency, the wave relation is dispersive.
The shape of the vibrational modes of a particular plate are
determined by applying the boundary conditions for this case. One of the
simplest cases is the vibration of a clamped circular plate. In this
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case the equation governing the modal shapes Is a combination of
ordinary and hyperbolic Bessel functions.
As regards the anlysis of free-edged rectangular plates, Rayleigh
[3] wrote:
"The problem of rectangular plate, whose edges are free, is
one of great difficulty, and has for the most part resisted
attack."
Varburton [6] has devised simple approximate frequency expressions
for the vibrational modes of a rectangular plates. His method can be
used for every possible form of boundary condition, even for the unusual
case of a plate being clamped along one edge, held along another and
being free on the remaining two.
The above material is concerned with plates of an isotropic
material, in which the physical properties are the same in all
directions In the material. The flexing of such a plate in response to
an applied external force can be determined using two physical
parameters:
1. Young's modulus, which can be a complex term in order to
include a damping coefficent.
2. Poisson ratio, which is close to 0.333 for most materials.
Wood, however, is an orthotropic material: Its physical
characteristics are different in different directions. In order to
determine the static structural strain to an applied external stress,
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three orthogonal values of Young's modulus, three values of shear
modulus and six values of Poisson ratio are required. If vibrational
analysis is to be considered, then nine damping coefficients must also
be included [8].
As the solution of the wave equation for a wooden plate is so
difficult, researchers have concentrated on various approximation
methods. Caldersmith [9] has developed a method of determining the
resonant frequencies of a rectangular wooden plate based on a knowledge
of the first bending and twisting modes of the plates: these modes are
illustrated in Fig.3.1. Caldersmith's method is based on intuitive, ad-
hoc assumptions but It does predict values that are close to the actual
results. In a similar method McIntyre and Woodhouse (10] also use a
knowledge of the frequencies of the gravest modes to determine the
higher modal frequencies. Their method is more rigorous, as it requires
knowledge of the dimensions of the plate when the two gravest bending
modes coincide in frequency.
This coincidence of these two bending modes leads to Poisson
coupling between them) and has been the object of much study [5,11].
Such Poisson coupling leads to combination modes as shown in Fig.3.2.
The mode labelled ((2,0)-(0,2)) is usually called a cross-mode, while
the ((2,0)+(0,2)) is called a ring-mode. Although they occur because of
the coincidence of the modes (0,2) and (2,0), the effect of the Poisson
coupling is to raise the ring mode frequency above that of the cross
mode, by a factor of 1.27 for a square isotropic plate. Formation of
ring and cross modes can occur on both isotropic and anisotropic plates,
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provided that the two bending modes can be made to coincide in
frequency.
The ring and cross modes are important in the vibration of the
violin. A free top plate with a good ring mode- good in this sense being
with a large amplitude and at a desirable frequency- produces a strong
resonant made with a similar shape on the completed instrument. Alonso
Xoral (12] has shown that changes in frequency and admittance level of
the ring mode of the free violin top plate correlate very well to
similar changes of the major resonances in the completed violin.
Richardson (13], assisted in part by Roberts (14], has shown the
shapes of the free guitar soundboard modes at various stages of the
construction of the instrument. There are no clear cross or ring modes,
but there are modes at almost coincident frequencies ( circa. 67 Hz)
where appear to be combinations of the gravest bending modes of the
plate: these are shown in Pig.3.4. There is also a mode on the strutted
top plate, labelled (0,3) by Richardson which is also shown in Fig.3.4.
This has the characteristic of an antinodal central region on the lower
bout of the plate. This mode has been identified by Dickens(15], who
speculated that a guitar with a good (0,3) mode would make for a good-
sounding guitar.
Meyer [16] has worked on the plates of the Savart violIn and has
reported three front plate modes and two free back plates, which are
reproduced in Fig.3.5. Meyer suggests that the mode at 24GHz is a cross
mode and that the mode at 420Hz is a ring mode.
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This is unlikely: on flat isotropic square plates the frequencies of
cross and ring modes are separated by a factor of 1.27. On flat wooden
plates, where the dimensions are adjusted to produce the combination
modes, the frequency separation is about the same size. Although it is
possible to get such a large frequency separation between the
combination modes on curved wooden plates [17] this is due to an
additional stiffness factor introduced by the curvature of the plate.
It is thus proposed that the 420Hz mode on the top plate is a higher
order mode with a central antinodal region.A similar mode has been
designated (2,2) by Wailer for work on the rectangular isotropic plate
and this Is also shown in Fig.3.5. It will be shown at the end of
Chapter 5, that this (2,2)mode and other similar modes on the free harp
soundboard are similar to the modes of the complete soundbox.
3.3: Wailer Indices
The Wailer Indice method will be used to describe modes of the free
soundboard [4,5]. The Indices (m,n) Indicate a mode with m nodal lines
normal to the base of the soundboard and ii nodal lines parallel to the
base of the board. Three examples of board resonances, with their
accompanying Wailer Indices, are shown In Fig,3.6.Combinatlon modes,
like ((2,0)+(0,4)), are described in terms of the constituent simple
modes.
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3.4: Experimental Techniques
3.4.1: Chiadni Glitter P&ttern ?(ethod
The glitter pattern technique was established by Chiadni in the
early 19th. century and is one of the simplest techniques used in
acoustics. in this version of the technique, the soundboard is laid,
horizontally, on small foam blocks. Christmas Glitter, being small
flakes of coloured aluminium, is sprinkled over the board. The board is
then oscillated by a small hand-held vibrator connected, via a power
amplifier, to a signal generator. The frequency of the vibrator is tuned
to a board resonance, the board vibrates and the glitter moves from the
antinodal areas to the nodal lines. The foam blocks are moved to support
the soundboard at nodal points, where they affect the board vibration to
the least extent. The resulting glitter pattern is then labelled,
measured and photographed.
3,4.2: Holographic Interferometry
The other technique used to determine the vibrational modes of free
soundboards was holographic interferoinetry. This method is described in
some detail in Section 5.4 of this thesis and the reader is referred to
this section. The results of the technique is that the vibration pattern
of tie soundboard is displayed on a television screen as a series of
white and dark fringes indicating antinodal regions and a bright region
representing the nodes. Copies of the interferograms can be made by
photographing the television screen.
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3.5: The Vibrations of the "Orchestra" Soundboard
The resonant modes of the "Orchestra" soundboard will be considered
at the following stages of construction:
3.5.1: The spruce plate of the soundboard without bars
3.5.2: The soundboard with the straining and cover bars
3.5.3: The soundboard with the straining, cover and harmonic bars
Ten soundboards were used in the analysis, but only four were
analysed over these three stages. The changes in the vibrational modes
of these four boards are described in Section 3.5.4.
3,5.1: The Spruce PLate Without Bars
I
Four soundboards were tested, Two groups of resonant modes were
found: the (O,n) modes and a group of combination modes of
((2,n)+(O,n)), These groups of-modes are described in the next two
subsections.
3.5.1.1 The (O.n) l'to1.
Seven members of the (O,n) group were found using the glitter
pattern method: these were (0,6) to (0,12) and photographs of some of
thes modes are shown in Fig.3.7. These photographs show a distorted
picture of the soundboards, because the camera was not directly above
the soundboard, so scale drawings of two of the modes, (0,6) and (0,12)
giving the correct position of the nodal lines, are given In Fig.3.8.
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This figure also shows the caine modes of vibration for a bar of the same
length as the board. The frequencies of the modes on each soundboard and
the average of the modal frequencies are listed in Table 3.1. These
(O,n)inodes involve nodal lines in one direction alone.
It Is interesting to speculate whether the frequencies of the (O,n)
modes can be described by the same form of equation as that giving the
resonant frequencies of a bar. Kinsler and Frey [2] give this formula
for the resonant frequencies of a free-free bar:
f,.,	 E( it it Vi x K)/( 8 it 12)] it (2n - 1)2
where 1: length of the bar (in)
K: Radius of gyration of the bar.
For a rectangular bar, K
	
(h/12),
where h Is the thickness of the bar (in)
In the case of a bar with an appreciable width, the effect of
Poisson coupling Is to bring in an extra stiffness term, so the equation
for a wide bar becomes:
f,., = [ ( it x v it K)/( 8 x 12)] it (1 - y2 ] 1 x (211 - 1)2
The term [1 - O 2 ] 1 is thus the effective increase in stiffness due
to Po.sson coupling [2],
If the spruce plate vibrates like a bar, then the (O,n) modal
frequeticies will follow the (2n - 1) 2 law as given in the above
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equation. Fig.3.9 shows a log-log plot of th modal frequencies against
(2n - 1). The experimental values can be Joined by a straight line of
gradient m= (1,97 ± 0.03), which is very close to the theoretical value,
which is ni=2. Schelleng (20] shows that the higher modal frequencies of
a bar are slightly lower than expected because of the effects of
shearing in the bar. The same effect could be responsible for lowering
the higher resonant frequencies of the plate, which would lower the
value of the gradient of the line on the log-log plot.
As the (0,ri) modes appear to follow a (2n - 1) 2 relationship, the
frequency of the fundamental bending mode (0,2) can be found by
extrapolation to be about 6Hz.
As the above formula does appear to give the modal frequencies of
the (0,n) modes, it can rewritten as:
K = (( 8 x 12 x f)/( X Vi)] x (1 - v.2) x (2n - 1)2
and be used to find the value of K for the spruce plate. Using the
values for the (0,6) mode:
fco,	 = 65 Hz
1 = 1.37 m
vi. = 1321 rn/s (From Appendix 1)
0' = 0.041 (This value differs from the normal value for
isotropic materials, but spruce is an isotropic material see Bodig and
Jayne (7])
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the result of the calculation is K = 0.027, and the value of
thickness corresponding to this value of K is h = (7.7 ± 1.0) mm. This
Is the value of the thickness of the spruce plate halfway along its
length.
This value of thickness is substantiated by comparing the shape of
the (0,6) and (0,12) modes, as given in Fig.3.8., and the shapes of the
same modes on a bar of the same length. The distances between nodal
lines at the centre of the spruce plate is close to the distances
between nodal lines on the bar.
3,5.1.2: The (2.n) Nodes
Four (2,n) modes were found on the spruce plates, photographs of
these are shown in Fig.3.10 and the modal frequencies are listed in
Table 3.2. Each of the photographs shows the actvity of two different
modes of the soundboard: in each case there is a (2,n) modal pattern at
the bass end and the centre of the soundboard plus evidence for a (0,n)
mode at the treble end of the board. The term "combination mode" is used
to describe a modal pattern due to two coincident resonances.
For example, the mode at 277Hz is a combination of the (2,0) mode at
the bass end with the (0, 10) mode at the treble end. The nodes of the
(2,0) mode can be seen as two vertical lines on the lower half of the
soundboard. The nodal lines of the (0,10) mode are the series of
horizontal lines at the treble end of the soundboard. That the (0,10)
51
mode occurs at this frequency can be confirmed by the extrapolation of
the line in Fig.3.9. The (2,0) mode and the (0,10) mode are degenerate
and the resulting glitter pattern is thus a combination of the two
modes.
Similarly, the 348Hz mode is a combination of (2,2) and (0,12): the
frequency of the (0,12) mode being confirmed by extrapolation as before.
The 390Hz and 440Hz modes are also combinations of (2,3) and (2,4)
respectively.
As the (2,0) mode has been found at 277Hz and the (0,2) mode was
found, by extrapolation, to be at about 6Hz, there is no possibility of
these modes combining to form cross and ring modes. Whether the effect
of the bars on the spruce plate is to reduce the difference in frequency
betwen these two fundamental modes is the subject of the next
subsection.
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3.5.2: The Vibration of the Spruce Plate
with the Straining and Cover Bars
The modal characteristics of the spruce plate change when the cover
and straining bars are glued to the spruce plate. The resonant modes can
be categorised into the following groups, using Wailer indices:
(0,n) modes, (1,n) modes, (2,n) modes and (3,n) modes.
Each of these modal groups will be reported in turn.
3.5.2.1: The (0.n) 1!odes
The attaching of the straining and cover bars effect the modal
characteristics of the spruce plate. The (0,n) modal frequencies are
greater than the equivalent modes on the unbarred spruce plate. Glitter
patterns and frequencies of three of these modes, (0,3), (0,5) and <0,6)
are shown in Fig.3.11. Interferograms of two other modes, (0,3) and
(0,4), along with diagrams of these modal patterns are given in
Pig. 3.12.
These modes can not be related using the (2n - 1) 2
 rule, that was
the case for the same modes on the unbarred spruce plate. The (2n _1)2
relation gives the relative frequencies of the (0,3),(O,5) and (0,6)
modes as 1 : 3.24 : 4.84. The actual frequency ratio of these modes is
1 :2.02 : 2,38.
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3.5.2.2: The (1,n) Hodes
The (1,n) modes have the common feat)re of a long nodal line running
along the length of the straining and cover bars, at the centre of the
soundboard. Photographs of the first 12 of these modes on one soundboard
are shown in Fig.3.13. Interferogranis, and diagrams, of the same modes
on a different soundboard, are given in Fig.3.14.
An interesting feature of these modes is that they can be
harmonically related. Table 3.3 gives a list of (1,xi) modal frequencies
for three soundboards: the same frequencies are plotted against mode
number-. For two of the three soundboards there is a linear relation
governing the mode frequencies: the precise equation is given at the
foot of the appropriate columns in Table 3.3.
That this vibrating system consisting of a thinning, narrowing
anisotropic plate with centrally positioned bars should produce a family
of modes in a linear sequence is surprising and it is worth considering
the same family of modes on simpler systems,
With the square isotropic plate, each of the modes of the (1,n)
family occurs at the same frequency as the accompanying members of the
(n,1) family. This produces combination modes which, with the exception
of the (1,1) mode, do not have the same shapes as the original modes.
Wailer (4] have shown that (1,n) modes occur on isotropic
rectangular plates and that the shapes of these modes are the same as on
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the spruce plate for plates with an aspect ratio (length to breadth
ratio) greater than 2:1. Warburton (6] gives a formula for the
frequencies of the (1,n) modes of a free rectangular and isotropic plate
Y (Meci)2
This formula Is not approriate to the case of the soundboard as
there Is no value of the aspect ratio f or which the resonait frequencies
are harmonic.
With orthotropic materials, Caldersmitht9] gives the following
formulas for the frequency of the(1,n) mode on a rectangular plate:
2	 2
L
The frequencies of the (0,2), (2,0) and (1,1) modes must be
determined by experiment. Given the experimentally determined
frequencies of the soundboard shown In Figs. 3.11 and 3.13:
f1= 65 Hz,	 f0,2, 45 Hz,	 fc2,o, 200 Hz
the calculated frequencies of the (1,2) and (1,3) modes are:
f,, 139 Hz and	 232 Hz
These calculated frequencies do not agree with the actual. frequencies
which were:
fc1,2	 102 Hz and	 fci,: 135 Hz
As can be seen the theoretical calculation grossly overestimates
the actual frequencies.Caldersmlth's technique is thus inappropriate In
this case.
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It would thus seem that although similar (1,ii) modes occur on both
isotropic and anisotropic rectangular plates, the formulae governing
these cases are not applicable for the"soundboarde. The only recourse
would be to employ finite element analysis. This technique has been used
by Richardson and Roberts [14], with much success, on the modes if the
guitar. The drawback with this technique is that it requires an enormous
amount of computer time.
To recapitulate, the (1,n) modes of the soundboard are sometimes
harmonic. That such a complex structure should produce harmonic
resonances is surprising and cannot be explained with reference to
simple theoretical systems.
Two questions thus arise:
1. On the violin top plate, the frequency, shape and activity of the
first, second and fifth resonant modes are used as guides In making high
quality instruments. Hutchin's'work on this topic is stated in Section
1.3.1 of this thesis. Tuning these three resonances so that they are
harmonic Is considered a very desirable process. Could these modes on
the soundboard have the same role for the harp?
2.Can the (1,n) modes of the spruce plate with straining and cover bars
be related to the vibrational modes of the complete harp?
With regard to the first question, it should be noted that there is
no tradition of soundboard tuning amongst harp luthiers as there is a
tradition of plate tuning amongst violin luthiers, Whether harp luthiers
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can begin to use such techniques, and whether these techniques should
concentrate on the (l,n) modes of the soundboard is worthy of
consideration,
For the particular soundboard shown in Fig.3.13, the (l,l)mode is
at 65Hz and the other (l,n) modes occur at 35Hz intervals. It is
established in psychoacoustics that if a signal consists of higher
partials but without the fundamental tone, then the fundamental tone
will be perceived: such a tone is called a "combination tone"(22].
The combination tone from the higher S(l,n) modes on this soundboard
would be at 35Hz, Given that 35Hz is close to the low frequency limit of
human hearing and that frequency discrimination is poor at these low
frequencies, it is unlikely that harp luthiers could tune a soundboard
using vibrations they perceived to be at 35Hz.
With regard to the second quetion, the graver modes of the
completed harp will be shown (Chapter 7) to be quite unlike the (l,n)
modes of the spruce plate, in that these Instrument mode are antinodal
at the straining and cover bars and nodal at the edge of the soundboard.
However, the resonant modes of the soundbox have some similarities
with the (2,n) modes of the spruce plate and it is the (2,n) modes that
will bei considered next,
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p .5,2.3: The S(2,n) Modes
Only four (2,n) modes have been found using the Chiadni glitter
method. These are shown in Fig.3.16: they are all accompanied by
evidence of another resonant mode which has been simultaneously excited.
The gravest is ((2,0) + (0,4)), the next is ((2,2) + (0,6)) the other
two such modes cannot be easily categorised.
As the (2,0) mode is degenerate with the (0,4) mode in this case,
compared with the (2,0) mode being degenerate with the (0,12) on the
isolated spruce plate, the effect of the straining and cover bars is to
reduce the anisotropy of the system. The other three (2,n) modes at
285Hz, 366Hz and 410 Hz have the common feature of a central antinodal
region that occurs closer to the treble end of the board as the modal
frequency increases.
Each of the glitter patterns show combination modes as the (2,n)
mode is accompanied by at least one other mode. Using holographic
interferometry, it is possible to excite the modes individually and the
shape of the separate modal patterns can be seen.
Photographs of the interferograms of six modes of the (2,n) family
from n=2 to 7, are shown with acompanying diagrams in Fig.3.17. As a
comparison, Wailer's pictures of the (2,n) modes, for n0 to 4, for ai
Isotropic rectangular plate of aspect ratio 2:1 are shown in Fig.3.18.
No (2,1) mode has been isolated on any of the "Orchestra" soundboards,
either by Chiadni glitter pattern or by interferometry.
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The shapes of the modes (2,n) for n2 to 7 have similarities with
the vibrational modes of the soundboard on the soundbox. This is
considered in detail below, in Section 5.6, once the soundbox modes have
been described.
Attempts to theoretically model the (2,n) modes on the soundboard by
considering the same three simple model as were used before ( isotropic
square, isotropic rectangle and anisotropic rectangle) have proved 	 -
fruitless.
3.5,2,4: The S(3,n) Modes
Three different (3,n) modes have been detected using glitter pattern
techniques. These are shown in Fig.3.19, each disperses into a (l,n)
mode at the treble end of the soundboard. Similar modes have been seen
using interferometry but are not reproduced here. Like the (1,n) modes
described In 3.5.2.2, these (3,nY modes cannot be easily related to the
modes of the soundboard on the soundbox.
3,5,2.5: Summary of the Vibrational Modes of the Soundboard with
the Straining	 Cover Bars
The vibrational modes of the soundboard at this stage of
constriction can be categorised into the following groups:
(O,n), (1,n), (2,n) and (3,n) modes.The (O,n) modes are of similar shape
to the (O,n) modes of the isolated spruce plate. The (l,n) modes can
have the unexpected property of being harmonic, but the use of this
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property is subject to question. The (2,n) modes have the common feature
of a central antinodal region and are similar to the modes of the
soundbox, as will be shown in Flg.5.6. The (3,n) modes have also been
indentif led.
p.5.3: The Vibrational Nodes of the Soundboard with the Straining
Straining and Harmonic Bars
The harmonic bars are the two small spruce bars that are placed on
the back of the spruce plate, one on either side of the straining bar.
In this section, ihe effects of these modes will be considered for two
modal groups: the (l,n)niodes and the(2,n) modes.
I,
3.5.3.1: The (1,n) Nodes
On each of the soundboards considered, the modal shapes of the (1,n)
group did not change when the harmonic bars were fixed to the plate. The
modal frequencies did change, and the values before and after the
addition of the bars Is shown figuratively in Fig.3.21. The effects of
the harmonic bars is to increase all the frequencies.
3.5,3.2: The (2.n) Nodes
The measurements were made on only one soundboard. The resonant
frequencies before and after the addition of the harmonic bars are given
in Table 3.4. The effect of the bars varies with the mode number: for
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the (2,2) and (2,3) modes the resonant fre 'uencies fall, For the
(2,5), (2,6) and (2,7) modes the resonant frequencies increase. Apart
from the (2,3) mode, the other frequency changes are small.
3.5.4: Synopsis of the Vibrations of the "Orchestra" Soundboard
The vibrational modes of the "Orchestra" soundboard at various
stages of construction have been reported and analysed. A large number
of different soundboards have been used in this analysis.
It is very useful to see how the various modes at each stage of
construction are related. A pictorial synopsis showing the frequencies
of the modes at each construction stage is shown in Fig.3.21. The values
given are the average of four soundboards. Where possible, the same
modes at connected by dashed lines.
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3,6: The Position of the Neutral Axis on the "Orchestra" Soundboard
Richardson (13] has pointed out that one of the problems in
calculating the modal frequencies is the wrong assumption that the
neutral axis- the line that separates material under compression from
material under tension in a bending plate- is wrongly assumed to be at
the centre of the board.
A computer programme was devised to determined the correct position
of the neutral axis on the "Orchestra" soundboard. The formula for the
position z of the neutral axis of a composite structure from any
selected line (usually taken as a surface) is:
z = C	 (pi x At x hi)] I C E (pi x At)]
where pi: density of the ith element (kg/riP)
A±: cross section area of the ith element (ni2)
hi: the distance from the centre of the ith element to the
reference line.
The "Orchestra" soundboard can be modelled in terms of thinning
narrowing bars on a thinning, narrowing plate as shown in Fig.3.22. The
straining bar, which has a complex structure, is modelled as a system of
constituent parts as shown in Fig.3.23. The results of the calculation
are shown In Fig.3.24. Except for the first 30cm of the board, as
measured for the base to the treble, the position of the neutral axis
closely follows the seam between the spruce plate and the straining bar.
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A possible explanation for this lies with the development of the
concert harp in the late 18th century. Could it be that luthiers found
that with this construction of soundboard there was no tearing of the
glue seam between the spruce plate and the straining bar?
Nowadays, epoxy reson is used to fix the straining and cover bars to
the spruce plate and this is considered to be as strong as the wood
supporting it [21].The strengths of the glue seams made over two hundred
years ago have never been reported.
This proposal is made:
By building the soundboard so that the neutral
axis lay along the comparatively weak glue seam between spruce plate and
straining bar, luthiers, perhaps without realising why, were able to
circumvent one potential source of weakness in the concert harp. The
existence today of harps from that period which can still be played is
proof of their skill in making strong harps.
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3.7: The Vibrational Modes of the "Electra" Soundboat.
The soundboard of the "Electra" harp. is of similar dimensions to
that of the "Orchestra", except that the soundboard is extended at the
bass end. The exact dimensions are shown in Fig.3.25. Amalysls of this
form of soundboard is included in this thesis as it has some interesting
vibrational properties that are not found on the "Orchestra", The
vibrations of the "Electra" harp are made at the following stages of
construction:
3.7.1: The spruce plate
3.7.2: The spruce plate withe the straining and cover bars
3.7.1: The Vibrational Modes of the Spruce Plate
1
3.1.1,1: The (O,n) Nodes
Five members of the (O,n) family were found: these are shown in
Fig.3.26 and the resonant frequencies for three unbarred soundboards are
given in Table3,5. A plot of in( f ) against in (2n - 1), given in
Fig.3.27 shows that the formula for the modes of a bar is appropriate in
this instance. The gradient of the line connecting the data point is
m( 2.0 ± 0.1). the photographs of the modes show a distorted picture,
not only because the camera was not directly above the soundboard, but
also because the soundboard itself were arched.
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3.7.1.2: The (2n) Mod
Only two boards were tested for (2,n) modes, Photographs of these
show that all the modes are combination modes involving (2,n) modes. The
modal frequencies are listed in Table 3.6. As with the "Orchestra"
modes, the (2,n) modes are degenerate with certain (O,n) modes. With
the(O,2) mode, the two modal lines run into a nodal line of a (O,n)
mode. It was possible to detect a (2,1) mode on the "Electra", which had
not been seen on the "Orchestra" soundboard. The six line nodal pattern
of this mode is similar to the pattern of the same mode on an isotropic
rectangular plate of aspect ratio 7:6 as given in Wailer [4].
3.7.2: The Vibrational Modes For an "Electra" Soundboard with the
I
Straining and Cover Bars
Both (O,n) and (1,n) modes were found and these are shown in
Fig.3.29. The (1,n) modes are very similar to the same modes on the
"Orchestra" soundboard. The (O,n) modes have a particular feature in
that the higher modes form a "scallop" shaped nodal pattern at the bass
end and centre of the soundboard. These patterns appear to be
combinations of (O,n) and (2,n) modes as is shown figuratively in
Fig.3.30. This is similar to the formation of the cross-mode on the
isotropic square plate, as shown in Fig.3.2.
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3.7.3: Synopsis ofthe Vjbrations if the "Electra" Soundboard
A synopsis of the resonances of the "Electra" soundboard, giving the
average values for two soundboards, at the varying stages of
construction is given in Fig.3.31. When possible, the same modes are
connected by dashed lines.
3,8: Conclusions
This chapter has reported the vibrational modes of two different
models of soundboard, the "Orchestra" and the "Electra", at various
stages of construction. The modes can be categorised according to the
Waller indice system. The modes are either individual or combination of
degenerate modes. The position of the neutral axis on the "Orchestra"
soundboard has been found tO be very close to the seam between the
straining bar and the spruce plate of the soundboard. It will be shown
in Section 5.6, that the (2,n) modes of the soundboard are similar to
the vibrational modes of the completed soundbox.
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Table 3.1
The (O,n) Modes of the Unbarred "Orchestra" Soundboard
Mode	 Board 1 Board 2 Board 3 Average (+Standard Deviation)
Of the Values
(O,)	 70	 71	 83	 75 (5)
(0,7)	 102	 103	 111	 105 (5)
(0,8)
	
129	 139	 149	 139 (10)
(O,)	 172	 174	 175	 174 (2)
(0,10)	 219	 212	 219	 216 (4)
(0,11)	 258	 241	 276	 258 (10)
(0,12)	 314	 312	
---	 313 (1)
Mäss(kg) 1.513	 1.333	 1.278	 -
Table 3.2
The (m,n) Modes of the Unbarred "Orchestra" Soundboard
Mode Board 1
	
Board 2
(2,0)	 278
(2,1)
(2,2)	 ---	 348
(2,3)	 390	 398
(2,4)	 440
Board 3 Average(+Standard Deviation)
Of the Values
276	 277 (1)
(-)
342	 345 (3)
394 (4)
440
Table 3.3
The (l,n) Modes of the "Orchestra" Soundboard with Central Bars
Mode
(1,1)
(1,2)
(1,3)
(1,4)
(1,5)
(1,6)
(1,7)
(1,8)
(1,9)
(1,10)
(1,11)
(1,12)
Board A
65
102
135
176
210
245
277
310
341
380
422
445
Board B
67
110
147
190
225
265
302
342
382
417
460
520
Board C
65
107
157
212
267
327
= 33 + 35(1,n) f = 27 + 40(1,n)
t,n)	 (r,n)
Table 3.4
The Effect of the Harmonic Bars on the (2 ,n) Modes of the
Barred "Orchestra" Soundboard
Mode
(2,2)
(2,3)
(2,4)
(2,5)
(2,6)
(2,7)
Frequency without bars
283
396
486
635
714
825
Frequency with bars
276
350
658
777
901

Table 3.5
The (o,n) Modes of the Unbarred "Electra" Soundboard
Mode	 Board 1	 Board 2	 Board 3
	
Average (+Standard Deviation)
of the Values
(0,5)	 78	 80	 72	 74(4)
(0,6)	 114	 110	 96	 107 (9)
(0,7)	 139	 145	 125	 136 (10)
(0,8)	 184	 184 C-)
(0,13)	 439	 439 (-.)
Table 3.6
The (m,n) Modes of the Unbarred "Electra" Soundboard
Mode Board 2
(2,0)	 174
(2,1)	 207
(2,2)	 257
(2,3)	 300
(2,4)	 341
Board3 Average ( #Standard Deviation) of the Values
167	 170 (3)
205	 206 (1)
254	 255 (2)
293	 297 (4)
327	 334 (7)
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Chapter 4: Enclosed Air Resonances in the "Orchestra" Soundbox
4.1: Introduction.
Air resonances in the soundboxes of stringed musical instruments are
important over certain frequency ranges of the instruments' responses,
particularly in the low frequency range below the first major top plate
resonance. This chapter deals with investigations on the enclosed air
resonances In the "Orchestra" soundbox, Experiments were conducted on a
soundbox with rigid walls; the apertures could be blocked with lead
sheets and the Internal air volume divided by wooden plates to increase
the versitlilty of the experiment. The results will be given intwo
sections:
4.2: The Helmholtzian mode of the soundbox
4.3: The higher order resonant modes of the soundbox
In each of the sections, there will be background and theoretical
sections and the results with supporting theory will be given.
A summary of the major reEults will be given at the end of the chapter.
A list of the areas and lip lengths of the apertures of the soundbox Is
given In Table 4.1. A drawing of the soundbox is given in FIg.2.7.
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4.2: The Helmholtzian1ip4 of the "Orchestra" Soundbox
4.2.1: Introductory BacJ.n..
The Helinholtzian air resonance in stringed musical instruments has
been the object of much study because, with only a few exceptions like
the harpsichord, it has the lowest frequency of any major sound
producing resonance. As examples of this, Fig. 4.1 shows the input
admittance plots of three stringed musical instruments: the violin,
cello and double bass. These plots are taken from Askenfelt's paper on
the double bass (1]. In each plot, the first major resonance is labelled
AO, this being the conventional symbol indicating a Helntholtzian mode.
It is not strictly correct to say that the peak marked AO In the
admittance curves are the actual Helmholtzian resonances. Firth [2] and
Christensen and Vistisen (3], researching on the guitar, have shown that
a similar resonance peak on the-admittance plot of this instrument is
due to a coupling of the actual Helxnholtzian air mode with a resonance
of the flexible top plate. The effect of this coupling is to produce a
resonance at a lower frequency than that of the actual uncoupled
"Helmholtzian" mode. By replacing the air inside the soundboxes with
heavier gases, Bissinger and Hutchins [4,5] have shown that the same
type of coupling also occurs on the violin.
As for other stringed Instruments, Thwaites [6] has shown that a
coupled Helmholtzlan mode Is present on the clavichord, with the air
vibrating through the mousehole of the instrument. Fletcher (7] has
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speculated that such a mode is present in the harpsichord, but this view
has been refuted by Arakawa [8].
There have been previous studies of the Helmholtzian mode on the
harp. Birth [9] reported a study on the clarsach, the small harp native
to Scotland, and found no evidence of a }Ielinholtzian mode on this
instrument. More recently, he has reported a strong and coupled
Helniholtzlan mode in the soundbox of a Spanish double harp of the 17th.
century [10], As yet, there has been no published report of a
Helmholtzian mode on the concert harp.
4.2.2: The Theory	 K
Kinsler and Frey [111 give the basic theory for the Helmholtzian
resonator, as Illustrated In Fig. 4.2. This consists of a volume of gas,
communicating through an aperture to the external atmosphere. The mass
of gas in the aperture oscilates in and out of the enclosure. The
situation can be treated as a mechanical problem or by using an
analogous circuit, which Is also shown in Fig. 4.2.
The resonant frequency f. of a Helmholtzian resonator Is given by
the formula:
1
C
fD= 7t
where c Is the velocity of sound in air (mis)
A is the area of aperture (mz)
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V is the volume of the resonator (me)
1 is the lip length of the aperture (m)
l is the aperture correction of the aperture Cm).
The aperture correction is introduced because some gas beyond the
aperture oscillates in sympathy with the gas in the aperture. The value
of this oscillation is dependant on the resonator geometry, particularly
the area and position of the aperture. Regarding this term, Ingard (12]
had this to say:
"The calculation of the (aperture correction terms for a
given resonator geometry is quite involved and can, in
general, hardly be done. To find ... (the aperture correction
term)... the particular diffraction problem dealing with the
transmission of sound through the reesonator aperture must
be solved. The difficulty arises from the fact that the
velocity distribution in the aperture is not known a
priori... Athorough anlysis should therefore include non-
linear terms."
The aperture correction term is known for a few simple cases. For a
small circular aperture, reasonable results are obtained by assuming that
2l = 0.96 A for an aperture terminating in a wide flange
and 2M = 0.67 A for an unflanged termination.
(A flange in this instance being just another word for the lip of a
resonator).
As regards more complex aperture shapes, Cremer (13] outlines a
method of calculating the aperture correction for elliptical apertures.
He reports that the substitution of an elliptical aperture for the f-
holes of a violin results in a good approximation to the actual resonant
frequency. The eccentricity of an ellipse is given by:
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E {1 - (b/a)2P
where a and b are the major and minor radii of the ellipse. Cremer
gives the aperture correction formulae by:
2l	 J (IE2CyY2
The integral can be replaced by a summation of an infinite series,
provided that	 is less than 1.
For more complex aperture configurations, Ingard [12] gives the
aperture correction terms these are shown in Fig. 4.3.He refers to them
as the end correction terms. Great care must be taken that the
appropriate term is used for the particular resonator under
investigation. Dickens [14] is one of many who have incorrectly
calculated resonant frequencies by using the wrong aperture correction
term. In his work he modelled the sound.hole in the classical guitar as an
unflanged aperture.
4.2.3: Trucco Montenengo's Model
Professor Angela Trucco Montenengo, of the Institute of Machine
Engineering, University of Genoa, has developed a theoretical model to
analyse the Helinholtzian modes of a harp sound.box [15], It is well
established that acoustical structures can be considered using electrical
analogies, see for example Kinsler and Frey [10]. A resonator such as
shown in Fig. 4.4 has an equivalent electrical circuit, which in this
case is a parallel R-L-C circuit.
Trucco Montenengo's model treats the harp soundbox as five
interconected resonators, which is shown together with its equivalent
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circuit in Fig. 4.5. The resonances of the electrical circuit can be
determined using Kirchoff's Laws. Although one might expect five seperate
resonances, becuase there are five seperate compartments , the effects of
the coupling is to produce only two significant Helmholtzian resonances
at 200 Hz and 530 Hz. These are described, graphically, in Fig. 4.6.The
two graphs for each mode represent the sound pressure level (SPL) and
phase, which is taken to be 90 at the bass end of the soundbox.
At the 200 Hz mode, the five resonating volumes are shown to
oscillate in phase with a slightly diminishing SPL to the treble end of
the box. The 530 Hz mode has a more complex structure as the diagrams
show. The resonating volumes 1,2 and 4 vibrate together, with resonating
volumes 3 and 5 vibrating with a phase difference of 90 with the other
three. This is a very strange phase characteristic but is possible in
coupled oscillator systems. There is also a sharp drop in SPL in the
second resonating volume.
Trucco Nontenengo's model is a very useful attempt to determine the
Helmholtzian modes of the harp. It has to be noted that there is a small
inconsistancy in that she ignores the action of the aperture at the bass
end of the box (Aperture 6), this will be shown to affect the air modes
of the soundbox.
4.2.4: The Experimental Technique
The experimental procedure used was quite simple and is illustrated
in Fig. 4.7. The soundbox was buried under sandbags in a bath. In total,
120 kg of sand was used. The rigid bass (floor) end of the soundbox was
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left exposed so that the microphone could be passes through the aperture
(no.6) to different positions inside the soundbox. The microphone was
attached to a 2-meter stick so its position could be monitored.
In initial testing, placing masses of up to 5 kg inside the soundbox
and on the soundboard did not affect the major air resonances of the
enclosed air. These resonances could thus be considered as uncoupled from
any board resonances.
The apertures at the back of the box could be covered with tight-
fitting lead plates, with the sandbags over them. The bags and lead could
be removed to open these apertures. Care was taken to ensure that the lip
length of the apertures was not accidently increased by an adjacent
sandbag. The volume of the soundbox could be partitioned by close fitting
wooden plates inside the box. The area of the apertures could be
partially filled by lead rings. The bath, with the soundbox, was placed in
the middle of an anechoic chamber to prevent any room modes interfering
with the work on the air modes of the soundbox.
A signal from a Heterodyne analyser was sent through an amplifier to
a small loudspeaker. The loudspeaker was placed either near an open
aperture, or occassionaly inside the soundbox, thus exciting the enclosed
air volume. Any excitation was detected by a small 34 inch microphone,
which could be moved to specific positions inside the oundbox. The SPL
and phase of the signal from the microphone could be measured using an
accompanying measuring amplifier and phasemeter. The output from the
measuring amplifier was connected to the filtering measuring amplifier on
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the Heterodyne Analyser, in case any ambient noise swamped the signal
under investigation. In practice, this was not needed.
The procedure used is as follows. The loudspeaker was tuned a a
resonance of the air volume. The frequency and Q-factor of this resonance
was recorded. The microphone was moved throughout the soundbox to
determine the shape of the resonance. In this work the information is
presented graphically: see for example Fig. 4.8. Each resonance Is
presented by two graphs. The first is the SPL of the mode along the
length of the soundbox. The second is the phase of the mode along the
length of the soundbox. Theoretically, the phase of a Helmholtzian
resonantor along its length would remain constant. A resonance with a
phase that varies Is indicative of a partially travelling wave or of
another resonance perturbing the measurements. Following the convention
set by Jansson [17] and Trucco Nontenengo [15], the phase is taken as it
at the bass end, of the soundbox.
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4.2.5: The Helntholtz Resonators of Individual Apertures
The first stage of this investigation was to open each aperture In
turn to determine whether the soundbox could support a Helmholtzian mode
with just one aperture.
The bass end aperture (No. 6) was opened first. A resonance was
found at 75 Hz. Its characteristics were determined and these are shown
in Fig. 4.8i. The SPL increases towards the treble end and the phase
plot shows that the phase of the resonance remains constant along the
entire length of the soundbox (j 10). The entire volume of air is
resonating as a single unit; this Is characteristic of the Helntholtz air
mode. Similar modes were found when the apertures 1,2,3 and 4 were each
openned in turn, the constant phase showing that these were all
Helmholtzian modes. The frequencies and Q-values of these are given
below:
Aperture No	 Uelxnholtz Freguenc	 0-values
6
	
75 Hz	 10
1
	
87 Hz	 9
2
	
94 Hz	 9
3
	
88 Hz	 11
4
	
86 Hz	 10
The treble end aperture (No. 5) was found to be unable to sustain a
Helniholtzian mode when it was solely operating into the volume of the
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entire soundbox. Any resonances produced when the air was excited
through this aperture were found to be standing waves, the phase of
these modes changing along the length of the soundbox. However, by
dividing the volume of the soundbox with wooden partitions, so that this
aperture was operating Into a smaller air volume }Ielmholtzian modes
could be determined. The frequencies and volumes are given below:
HeLrnholtzIan Resonnnces of Aperture Ro. with Reduced Volume
partition Position Air VQlumg	 Helinholtzian Frequency
Btwn Aps. 3 and 4 	 7.3 x 1O	 in	 155 Hz
Btwn Aps. 2 and 3	 13.8 x 10nP	 122 Hz
The next stage was to find a theoretical method to find a -
theoretical means to confirm the experimental values for the
Helmholtzian frequencies. The problem centres on the calculation of the
aperture correction terms. According to Kinsler and Frey [1O.page 187],
the simplest formula, for a flanged aperture, is
2l = 0.96 x (Area of Aperture)'
The aperture correction term for each of the apertures on the
soundbox was calculated, using the above formula. These were then used
in the standard formula for the Helmholtzian frequency. It should be
noted that there is an error margin of ±77. in the value of the volume of
the soundbox. This is due to the difficulty In measuring such an awkward
shaped internal box with all the strutting that it has. Added to this,
there are errors of ±1% In the values of the lip length and aperture
area. The values for the Helmholtzian frequencies therefore have an
error margin of ±5%, For apertures No. 1 -4 and 6, the total volume of
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the soundbox was used, this being (2.7 ±0.2) x 10 2m2 . For the two
calculations on aperture Io. 5, the reduced volumes were employed. The
results using this simple aperture correction term are given below:
Aperture NQ
6
1
2
3
Exper11JLU.
75 lIz
87 Hz
94 Hz
88 Hz
Iheoretical Value
84±4 Hz
945 Hz
96+5 Hz
91±4 Hz
88±4 Hz
163±8 Hz
119±6 Hz
4	 86Hz
5(V 7.3 x 10m') 155 Hz
5(V 1.4 x 10m') 122 Hz
The calculated values, with one exception, are all larger than the
experimental values, but six out of the eight values agree to within the
error margins. Furthermore, as the error In the experimental value of
the Helntholtzian frequencies is±L5 Hz, It could be argued that the
experimental and theoretical values are in agreement for all but one
exainple.So In this case of single aperture resonators, the simple
formula for the end correction term confirms the experimental values.
4,2.6: The Developent of the Helmholtzlan Node
It is clear from the previous section that the soundbox can support
a Helniholtzian mode when a single aperture Is openned, with the
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exception of the treble end aperture (No. 5). The question now arises
whether there is a Helmholtzian mode when all the apertures are open.
To test this, the following experiment was set up. The loudspeaker
was positioned near the bass end aperture (No. 6) and the }Ielmholtzian
resonance excited. The other apertures were systematically openned, and
the characteristics of the Helmholtzian mode were monitored using the
loudspeaker and the microphone, In all, some six stages were noted
correponding to another aperture being openned. The results of this work
are shown in Fig. 4.81 to Fig. 4.Bvi. In each set of plots, the sketch
of the soundbox shows which of the apertures were open.
The mode with all the apertures open was examined in particular
detail. The characteristics of this mode were taken thrice, with the
excitating loudspeaker beside three different apertures. The three sets
of plots are shown in Fig. 4.91 - 4.9111.
Returning to the six sets of results in FIg. 4.8, there are three
interesting features. The first is the obvious point that the frequency
of the Helmholtzian mode increases as the number of open apertures. This
is quite understandable because, according to the formula, the frequency
of a Helmholtzian resonator varies directly with the square root of the
aperture area.
The) second point is that the shape of the S?L graph changes as more
apertures are openned. In the first case (Fig. 4.81) the SPL level rises
by 10 dB from the bass end to the treble end, while in the last case
(Fig, 4.8v1) the SPL drops by 20dB from the bass end to the treble. One
80
explanation of this is that as the apertures are openned, they act as
orifice branches to the soundbox. Thus a low frequency mode, such as
occurs here, is attenuated by these orifices. This proposal is
reinforced because the attenuation becomes greater at the treble end of
the soundbox. The theory for such attenuation, as given by Kinsler and
Frey (Section 8.10) [10], shows that the attenuation varies indirectly
with the area of the main branch, which is the soundbox in this case.
The third point is that the phase characteristics of the mode
changes as the apertures are openned. In Fig.4.8i the phase of the mode
changes by no more than l5', whereas in Fig. 4.8v1 the phase of the mode
changes by nearly 9o0 (86 to be exact) from the bass end to the treble
end. It could thus be argued that as the Helmholtzian mode attenuates,
the residual transmitted wave becomes a standard travelling wave. This
would have a phase change o 2r per wavelength.
It could be argued that thi mode at 190 Hz ,as shown in Fig 4.8vi
and Fig 4.9, is not a Helniholtzian mode, but is rather a quarter-wave
resonance, such as found in open organ pipes. However, this does not
seem to be the case becasue if the soundbox is supporting a quarter wave
resonance, then there must be a family of higher order modes with phases
of air, 1½,r, 2t etc. As will be shown below, there are no such quarter-
wave modes found.
Thus, this mode is an attenpating Helntholtzian mode, which is
affected by changes in both volume and aperture area. Its development
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from a standard Helniholtzian mode has been traced and is shown in
Fig. 4,8.
Before turning attention to the theoretical model describing the
Helinholtzian mode, there Is one further point to be mentioned. It was
stated above that the aperture at the treble end of the box ( No. 5)
could not support a Helniholtzlan resonance when it was working into the
complete air volume. It was further found that when all the other
apertures were open, the frequency and characteristics of the
Helmholtzian mode were the same whether this aperture was open or
closed. Considering the SPL characteristics of the mode, as the SPL of
the mode at the position of aperture No. 5 is 20 db less than the
maximum level. This aperture is thus acoustically inactive as far as the
Helinholtzian mode is concerned. As this aperture Is inactive it follows
that the small volume of air under this aperture Is not participating in
the Helniholtzian mode. Thus in the following calculations, the volume of
the soundbox will be slightly reduced, to (2.63 ±0.2) x i02m.
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4.2.7: i(odelling th.J13jnholtz1an Frequency of the HJ.ti.apéTtUred
Soundbax
The next stage was to find a theoretical model f or the 1{elinholtzian
mode on the soundbox with all the apertures open. It should be recalled
that the aperture at the treble end of the soundbox (No 5) does not play
any part in the Helmholtzian mode, so the aperture area and the
encompassed air volume can be Ignored In any calculation.
The simple formula for the aperture correction term:
2il = 0.96 x (Aperture Area)
was tried first. The value of the aperture area was the total area of
the apertures 1 - 4 and 0: this being 3,96 x 10_21az, The lip lengths of
these apertures varies frow 1.3cm to 2.1cm, so an average value of 1.6cm
was used. These values were used in the usual formula, the calculated
frequency was:
f456 Hz
As the experimental value of the Helmholtzlan frequency was f190Hz,
using this simple formula for the aperture correction term does not
accurately predict the Helmholtz resonance.
There is another formula for the aperture correction term, that was
used by Cremer- [13) to successfuly model the Helinhaltzian mode on the f-
holeof the violin. It requires substitution of the actual f-hole by an
elLipse of the same area and with a minor axis equal to the maximum
width of the f-hole.This method was applied to the apertures of the
harp.
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The participating apertures on the soundbox were modelled with a
ellipse, as shown in Fig.4.10. This had the same area as that of these
apertures and a minor axis equal to the average of the five values of
the widths of the apertures, this being 2.7cm. The major axis of the
ellipse is thus 45.8cm.The eccentricity of this ellipse is thus:
= 0.998
Crenier gives this formula for the calculation of the aperture
correction term of such an ellipse as:
r 1	 a'ø
2l=LJ	 /1	 Cos9
This elliptical integral can be replaced by a summation to infinity,
which can be solved by computer. The value of this eliptical Integral is
4.15, so the aperture correction term is:
2l 2.7 x 4.15 = 11.2 cm.
Using the standard formula for the frequency of the Helmholtzian
mode, the calculated value of the }Ielmholtzlan mode on the soundbox is
f=186±9 Hz. The experimental reading for this mode was 190 Hz.
Thus, using an elliptical substitution to calculate the Helmholtzlan
resonance gives quite an encouraging result. In order to asacertian
whether this method was appropriate it was used to calculate the
Helmholtzian frequency of the apertures of the soundbox when certain
changes are made to the structure of the apertures. For example, closing
one aperture or enlarging an aperture will affect the Helmholtzian
freqiency and this method of calculating the frequency could be tested
for these cases
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Some 21 different cases were considered.hese are listed in Table
4.2.The Heliiiholtzian frequency was calculated for each case, this
required the calculation of a new average lip length and aperture
correction term. These theoretical values were then compard with the
actual values of the Helniholtzian air resonance on the soundbox, the
theoretical and actual frequency values are listed in Table 4.2.
The results listed in Table 4.2 are encouraging. In 20 out of 21
cases, the calculated value agrees with the actual experimental value to
within the error margin (±5%). Thus this theoretical method is
appropriate for modelling the Helntholtzian resonance in the harp
soundbox over a range of aperture configurations.
The success of this technique to model the Helmholtzian mode
introduces an interesting problem. If the apertures on the soundbox can
be modelled by an elliptical aperture, what would the effect be if the
soundbox actually did have a single elliptical aperture Instead of the
current array of apertures. Theoretically, there would be no change
providfed the ellipse had the same area and lip length. This question is
left to future researchers.
The important point is that we now have a theoretical model for the
calculation of the Helinholtzian mode and we can now predict the effect
of changing the format of the apertures.
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4.2.8: Summary of Re.ich on the Helmholtzian 1(ode
The soundbox of the "Orchestra" harp was tested for a Helmholtzian
mode. With the exception of the treble end aperture (No. 5), the other
apertures are capable of sustaining such a mode. When all the apertures
are openned, there is an attenuating llelniholtzian mode, which occurs t
190 Hz when the walls of the box are rigid. Using an elliptical
substitution for the aperture array, the Helinholtzian frequency can be
confirmed, The same substitution can be used to predict the frequency of
the Helmholtzian mode over a wide range of different aperture
formations.
Recalling Trucco ]ontenengo's model for the harp soundbox and her
proposed resonances, the first of these, which she speculated at 200 Hz,
can be seen the actual Helmholtzian mode at 190 Hz. The difference in
frequency could be due to the fact that she ignored the effects of the
bass end aperture (No. 6), The other mode, speculated to be at 530 Hz,
cannot be found in the soundbox, nor can any wave with the specific
characteristics she proposed be identified.
Whether the Helinholtzlan mode has any significance in the vibration
of the soundbox and in particular whether the Helinholtzian mode couples
with any of the soundboard resonances is considered in the next chapter.
Research on the higher order air modes will now be reported.
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4.3: Higher Ordex j J, 	.nces in theHarp SouncibDx
4,3.1: Bac1cgrouii
Apart from possibly having a Helmholtzian mode, any enclosed volume
of air has other resonant modes. Called "standing wave" or "pipe" or
"higher order" resonances, these usually occur at higher frequencies
than the Hélmholtzian.
Meyer (16] was one of the first researchers to publish Information
on the higher ordr modes in musical instruments. He concentrated on the
guitar. Jansson [17], in a keynote work, extended Meyer's work both on
1
the guitar and the violin cavities. He was able to map the fIrst 7 modes
on the violin and the first 5 modes In the guitar. It should be noted
that not only were the walls of these cavities totally rigid, but that
Jansson worked on a half-scale guitar cavity.
As regards these modes on actual, functioning instruments, Bissinger
and Hutchins (4,5] have examined the coupling between the higher order
air modes and the resonances of the plates In the violin. Their
technique Include the substitution of the air inside the Instrument with
heavier gases.
Firth (9,10] has reported work on both the clarsach and harps of the
Baroque period. In his work on the clarsach, he found a number of higher
order nodes in the air volume of the soundbox. He reports that these
.'
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communicate with the resonant modes of the soundboard. He also found
that these air modes were not affected by closing the apertires at the
back of the soundbox.
He has also found similar modes in the soundboxes of 17th. century
Baroque harps. The modes were harmonic in both instruments. He could not
ascertain any coupling between these modes and the modes of the
soundboard nor could he find any increase in sound radiation from these
instruments at any of the higher air mode frequencies.
4,3.2: Theory
Jansson [17] gives the formulae for the resonant frequencies of both
/
rectangular and cylindrical cavities. For the rectangular cavity, the
formula is: (22
f or a cavity with sides of -length l, l, l. The different modes
are indicated by the combination of the number n), ny, nz.
For the rectangular cavity, the formula Is:
c
f ;;7 .
" Zq"
for a cylinder of length l and radius a. The value of the constant
mr is set by the particular values of m and ii.
he soundbox of the "Orchestra" is basically semlconical In shape.
Morse [18] gIves the resonant frequency of a conical horn, which are
found by solutions of the hyberbolic equation:
2	 2
tanhl ,t(a + i a )] = (j.i + Ipi)/ (pi + 1)
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where j.Li is proportional to frequency and a and 3 are functions of
pi. Solutions of this equation depend on the particular geometry of the
cone and these will be given below for the case of the soundbox.
The apertures and internal strutting of the soundbox present
additional factors, which will affect the frequencies of any resonant
modes. The internal strutting in the box acts to make the soundbox like
a series of wide and narrow sections. Such sections in a pipe can be
modelled by an electrical low-pass filter, an example of which is shown
in Fig. 4.1i.The array of apertures along the back of the soundbox form
a series of acoustic branches. Such branches in a pipe can be modelled
as a high-pass filter.Both of these effects must be considered in the
analysis of air modes in the soundbox.
4.3.3: Experimental Technique
The experimental technique for the analysis of these higher-order
air modes was essentially the same as that described for the Helmholtz
mode and illustrated in Fig. 4.7, The soundbox was buried under sand,
with most of the apertures closed by lead plates. A loudspeaker was
placed near an open aperture in order to excite the air volume. In the
particular case of the transverse air mode, a small telephone earphone
speaker was placed inside the soundbox at a corner of the bass end. A
microphone could be accurately positioned inside the soundbox and the
SPL and phase of the air modes could be measured.
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4r3.4: The Rxperimental Results
The first five higher order air modes were monitered. These are
labelled Al to AS, following the notation that Jansson and Hutchins use.
The developments of these modes as the apertures are systematically
openned is shown in Fig. 4.12 to 4.16. I have been asked why I have not
included any frequency scans in this report. The answer is simple
stupidity on my part.
Looking at the first trace (Trace 1) in each of Figs. 4.12 to 4.16,
we see the typical characteristics of a family of standing wave modes
operating along the length of the soundbox. In all the the modes, there
are a number of antinodal regions separated by deep nodal troughs. The
peak-trough height is usually between 10 to 15 dB.In most cases, the
plots are quite smooth, though there is a small notch in the AS pattern
at 20cm along the length of the soundbox.
The phase diagrams for these modes show phase changes of ir, 2ir, 3ir,
4,t and 5t, though there is a small overshoot of at most 7t/3 for the A2
and A3 modes. This phase progression suggests that this is a family of
half-wave modes.
}Torse E 18] has calculated the resonant frequency for a conical horn
of a similar shape to the soundbox, which can be used for low frequency
analysis of this soundbox below the frequency of the first transverse
mode. The resonant frequencies of such a conical horn arein the ratio:
12 : 2.1 : 3.0 : 4.0 : 5.0
The frequencies of the Higher air modes in the soundbox, when only
the bass end aperture is open are in the ratio:
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1.23: 2.08: 3.03: 4.0: 5,0
The soundbox in this state has the same resonant frequency ratio as
a conical horn. Furthermore, the calculated length of the soundbox,
using the values of the frequencies of the A4 and A5 iuode give the
length of the soundbox as 1.27m, which is correct to a few centimetres.
As the apertures were openned, the modes Al to AS all changed in
shape and frequency; this Is In antithesis to Firth's results on the
soundbox of the clarsach. As the changes are quite specific, each mode
will be considered in turn.
The Al Mode
The frequency of this mode increases as the apertures are openned.
This effect is well known In woodwind instruments; see, for example
Benade [19] Chapter 21. The shape of the mode also changes with the
nodal point moving down towards the bass end of the box. There is a long
region of gradually diminishing SPL towards the treble end of the box
once the apertures are all open. Such attenuation could be due to the
array of apertures acting as a high pass filter. The Q-value of the mode
also falls because of the increased losses through the open apertures.
The A2 Mode
Again, the frequency of this mode rises as the apertures are
openned. There is a slight shift in the position of the nodal points.
There is again a region of slowly falling SPL at the treble end of the
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box. This is not as pronounced as on the Al mode. As expected, the Q-
values of the mode falls as the apertures are openned,
The A3 Mode
The effect of openning the apertures is not so pronounced on the A3
mode as it was on the Al and A2 modes. The resonant frequency does
increase. The position of the nodes only shift to a small extent. There
is no attenuation to the treble end of the box, so the array of
apertures is not attenuating this mode.The Q-value of the mode falls.
The A4 Mode
The frequency of this mode increases only slightly as the apertures
are openned. There is no shift in the position of the nodes, and the
shape of the mode at the final stage (stage vi) is similar to the shape
at the beginning (stage i). There is no attentuation at the treble end.
The A5 Mode
On openning the apertures, there is only a very slight increase in
resonant frequency. There is no other significant change in the
characteristic of this mode, except for a small change in Q-value.
The Phases of the Modes
When all but one of the apertures are closed, the resonant modes in
the soundbox have phase characteristics that are discontinuous, with
rapid changes of phase being found at the points of SPL minima, This is
indicative of a number of standing waves in the box. When all the
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apertures are open, the phase plots show a continous and smooth
progression indicative of a travelling wave. There is a small ripple in
the various phase characteristics. This suggests that each plot is of a
mixture of two effects: the first being the travelling wave and the
second being a standing wave in the box, that is given by the changes in
SPL for each of the plots.
4.3.: A Transverse Xade
So far, all the reported modes have been along the length of the
soundbox. As the soundbox is much longer than it is wide, It can be
predicted that the gravest resonances would be along this axis. Of
course, this does not mean to say that there would not be any modes
across the soundbox; which are called transverse modes. Fig. 4.17 shows
the first of these transverse modes. The air vibrates across the
soundbox and there is a nodal line In the middle of the box. This mode
can only be detected at the bass end of the soundbox, the air Is
inactive in the rest of the box. Openning or closing the apertures does
not affect the frequency of the mode, because the apertures are at a
nodal position.
4.3.6: Summary of Work on the Higher Order Air Nodes
There are higher order air modes in the rigid soundbox. The gravest
of these are along the length of the soundbox and they are affected by
the opennirig and closing of the apertures at the back of the box. With
all the apertures open, the modes labelled A2 to A5 form a non-harmonic
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family of half-waves modes. There are also transverse modes across the
soundbox, the lowest of which is shown.
Whether these modes have any effect on the soundboard of a flexible
soundbox is the subject of the next chapter.
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Gkpter 5: The Acoustics 	 the "Orchestra" Spundbox
5.1: Introduction
The acoustics of some of the parts of the soundbox have already been
covered in the previous two chapters. Chapter 3 dealt with the vibrations
of the isolated soundboard, while Chapter 4 considered the air modes in
the rigid soundbox. This previous material Is now going to be
amalgamated In order to describe the acoustics of the "Orchestra"
soundbox. The soundbox has been described in Chapter 2 of this thesis
and consists of the soundboard glued and fixed to the semiconIcal frame
of the back of the box. There are apertures in the back and bass plate
of the soundbox fo allow the flow of air In and out of the box. It is
anticipated that the motion of the soundboard will be determined by the
7
boundary conditions imposed by the rest of the box. It is further
anticipated that there will be coupling between the soundboard, the
interior air volume and the rest of the soundbox.
The chapter islaid out as follows:
5.2: The Theory and Technical Background
5.3: Chiadni Glitter Pattern Tests on the Soundbox
5.4: HolgraphIc Interferometric Analysis of the Soundbox
5.5: Theoretical Analysis of the Results
5.6: Comparison between Free Soundboard Nodes and
Soundbox Nodes
5.7: Summary of the Results
5.8: References
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The theory for a clamped, circular vibrating plate is covered in
many textbooks. ]Iorse and Ingard El] give the wave equation for such a
plate as
if	 12	
T2) c)2.z
Z-
(the symbols have been changed form those used by l'!ors and Ingard
in order to be consistant with the rst of this thesis). Kinsler and Frey
[2] give the formula for the resonant frequencies of such a plate
7T	 I C
frn,	 (iI_c•	 )
for a mode with m diametric nodal lines and (n-i) circilar nodes.
J3rni, is a variable term dependant on the values of m and n, but it tends
to (a + ½m) as a tends to infinity. The high frequency form of the above'
equation becomes:
fni,= ( fl + ½m)'
this is often referred to as Chiadni's law [3), The resonant
frequencies are not harmonic, but as Fletcher reports [4], they are none
the less approximatlely distributed regularly in frequency. Chladni's
law a]so applies to plates with free edges (5].
lith regard to rectangular and square isotropic plates, the
calculations of the eigneinodes are simple for a hinged plate, but very
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complex for a clamped plate. Rossing (5] gives a summary of much of the
work and lists the resonant frequencies of certain square and
rectangular plates with clamped edges. These are important because,
although the soundboard of the "orchestra" is anisotropic, It will be
shown that the particular soundboard tested have the frequency ratio
characteristic of an Isotropic rectangular plate. This strange feature
will be considered in SectIon 5.5.
Apart from the change of boundary conditions for the soundboard, one
of the other effects of the soundbox Is to Introduce an Interacting air
volume. The volume of air inside the soundbox will provide an additional
damping factor over many frequency ranges. Furthermore, the resonances
of the air will interact with the resonances of the soundbox.
The Interaction between the Helmholtzlan air mode and the top plate
has been considered In much detail for both the guitar and the violin.
Firth [6] was one of the first to show that, with the guitar, the effect
of this interaction Is to change the frequencies of both the air and
plate resonances from their uncoupled positions. Crenier [7] gives a
good analyses of such coupling on the violin, where the situation Is
more complex, because of the action of the ribs and the back plate of
the instrument.
There Is also the possibility of coupling between higher plate modes
and higher order air modes, Richardson [9] gives an Introduction to this
by considering the holographic Interferograms of the top plate of one of
his guitars. As mentioned before, Bissinger and Hutchins (10] have shown
98
that many of the apparent plate modes in the violin are in fact the
product of air-plate coupling.
There have been a vast number of experiments on the soundboxes of
musical instruments, The principal techniques are Chiadni powder
patterns, holographic Interferonietry, input admittance measurements and
sound pressure level (SFL) measurements. A number of other techniques
have been used and the reader is referred to Section 1.4 in Chapter 1
for a description of some of these.
The testing of a soundbox using Chiadni glitter pattern method will
now be reported.
/
5.2.1: The Notation for the Nodes
in this and subsequent chapters, the modes on the held soundboards
will be defined using Richardson's notation, The modes are defined using
the indice form S(m,n) where m is the number of half-waves along the
soundbox and n is the number of half-waves accoss the soundbox, the S
standing for Soundbox. In cases when more than one mode has the same set
of indices, these are distinguished by plus or minus signs (+ or -) for
the particular case of coupling between the Helinholtz air mode and the
first soundboard mode and by numerical superscripts for the other cases.
Examples of six of the soundbox modes are shown in Fig. 5.1.
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5.3: Chladni Glittr_?attern Testing onPive Soundboxes
Five soundboxes were tested using the Chiadni glitter method. During
testing the soundboards were held to the conical boxes by epoxy resin
and woodscrews (about 40 screws per board),This method of holding was so
strong that a soundboard held in this fashion could support the tension
of the harp strings (c. 10 N). There was never any indication that the
soundboard edge was was vibrating free of the soundbox. 	 '.
During testing, the soundboxes were lightly supported and lying on a
table with the soundboard horizontal. Any air motion through the
apertures at the back of the box would be blocked. The method of
analysis has been described before: glitter is spread over the
soundboard which is then excited by a hand-held vibrator supplied by a
frequency generator through a power amplifier. When the vibrator is
tuned to a resonance of the box, the glitter moves to nodal regions. The
force required to effect motion-in the glitter was quite large and ear
protectors had to be worn.
Once the glitter pattern was completed, the soundbox was moved onto
a black background, the frequency of the resonance labelled and the mode
photographed. In all, six different modes could be determined and the
photographs f or one of the soundboxes, Soundbox A, are shown in Fig. 5.1
i-vi. Because the glitter ocassionally ref leted the light from adjacent
floodightsand hence did not show Its dark colour, each photograph is
acompanyled by a diagram showing the glitter pattern more clearly.
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Fig. 5.11 shows the mode of Soundbox A at 207Hz. It is clear form
the photograph and diagram that the central park of the soundboard is
one large vibrating area . The figure also shows that the bass arid
treble ends of this soundbox are vibrating out of phase with the central
area. At this level of excitation, th glitter lines run off the
soundboard; the activity of the soundbox at this mode will be shown in
the next section. This mode is the gravest of the soundbox modes as is
labelled S(1,1), following the notation used by Richardson [9].
The next mode is S(1,2), which occured at 247Hz on Soundbox A, is
shown in Fig, 5.211. One vibrating area is clearly defined in the lower
half of the soundboard; this area being clearly surrounded by a ring of
glitter. There is another vibrating area in the centre of the board,
though this is not so clearly defined. There are also two small
triangular areas in motion, these are between the two larger aieas. As
with the S(1,1) mode, the treble and bass ends of the soundbox are also
vibrating. The relative phases of all of these seperate vibrating areas
cannot be determined by Chiadni pattern method and this is left to the
next section.
The next mode is S(l,3), occuring at 369Hz on Soundbox A,is shown In
Fig.5.liii. This has three active regions along the length of the
soundboard. There are also smaller peripheral areas of activity two at
the corners of the bass end of the box and another tow sandwlching the
central antinode. The treble end of the box is also In motion. Unlike
the jrevious modes, the nodal points are no longer in sharp lines and
there are now areas of glitter, showing nodal and quasi-nodal regions.
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The fourth mode in this series, the S(1,4), occured at 471 Hz and is
shown in Fig. .1iv. The glitter pattern of this mode also has large
areas of inactive glitter. It has four antinodal areas along the length
of the box. Compared with the S(1,3) mode, it has far fewer peripheral
vibrating areas; only the vibration of the treble end of the box
remains.
There was some difficulty in getting a glitter pattern of the
activity at 647 Hz on Soundbox A,but the pattern is shown in
Fig.5.lv.The presence of a resonance at this frequency was easily
detected by an increase in SPL, but It required a very high level of
vibrator force to motivate the glitter. This fact, coupled with the
resulting glitter pattern suggests that the pattern is the result of two
or more resonant modes being excited. The separation of two modes at the
roughly the same frequency on another soundbox will be shown in the next
section. The glitter pattern of the 647 Hz mode on Soundbox A has no
great resemblence to the S(1,3) and S(1,4) modes. There are four small
vibrating areas plus one large area along the length of the board. There
is also peripheral activity and motion of the treble end of the box.
Because there are five active areas along the length of the board, the
mode is labelled as the S(1,), though it is noted that there is
evidence for other modes in the resulting glitter pattern.
The last mode that could be found using this method occured at 793Hz
on Soundbox A. This mode has an array of six antinodal areas along the
length of the board. There is only a trace of any motion of the treble
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end of the box. The two antinodes at the bass end of the box are split
by the central beech bars of the board. This Is the S(1,6)niode.
5.3.1: The Resonant Frequencies of Five Soi.u1QJ.
In all, five soundboxes were tested using this glitter method. Not
all . the six modes could be found on each box. This does not mean that
the mode could not be found, rather It means that the glitter could not
be sufficiently excited to unambiguously show the modal pattern. The
frequencies of the modes on all the boxes are listed below.
Mode
S(1, 1)
S(l, 2)
S(1, 3)
S(1, 4)
S(1,5)
S(1, 6)
x_A Box
207	 200
247	 240
367	 335
471
647
793
Bx	 BoxD	 BoxE
208
260	 232	 231
345	 363	 384
611
All the frequency values are in Hertz.
The glitter pattern method Is a useful introduction to the
vibrational modes of the soundbox, but the technique is limited, It does
not provide any information about phase, nor can glitter patterns be
made on the curved back of the soundbox. The technique of holographic
interferometry can provide information on these topics and this will be
considered next.
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54 Ho1oiiaphic InterferometrJc Analysis of the "Orchestra" Soundbp
5.4.1: Introduction
Over the last two decades, the techniques of holographic,
interferonietry have been widely used in the study of musical acoustics.
Real-time, time averaged and speckle forms have all been used (9].-
The results from these techniques are very useful because the motion of
an entire vibrating surface can be analysed. The technique can be used
on curved and irregular surfaces, where the Chladnl technique cannot be
used. In this section, interferometric tests on a suspended soundbox are
reported. The particular method used was the Vibravision system,
developed by the Institute of Optical Research, Royal Institute of
Technology, Stockholm. The motion of both the front and back of the
soundbox could be determined and the relative phases of each of the
vibrating areas can be found.
The Vibravision system was developed by Leif Ek, who has described
the system in a recent article [11] and the following description is
taken from this. The system consists of three units: a single metal box
containing a laser, the optical equipment and a television camera; an
electronic control unit; and a television monitor, These are all
illustrated in Fig. 5.2(a). Basically, the system involves the recording
of a time-average hologram on the vidicron in the television camera, The
video signal is then filtered in order to enhance the fringe pattern of
the interferogram. The integration rate for the time-average hologram is
the time between adjacent frames on the television screen (approximately
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25 Hz).The set-up is shown in Fig. 5.2(a). The object under test is
illuminated with light from the laser (He-Ne). The light from the object
is Imaged on the vidicon of the camera. Reference light, which conies
directly from the laser, Is superimposed onto the vidicon to Interfere
with the object Image, producing the fringe patterns. The image on the
television screen shows the object with the nodal areas bright and the
vibrating areas darker and covered with black fringes. The first dark
fringe appears at an amplitude of 012 jim, the following fringes
appearing every 0.16 jim.
The relative phases of the vibrating areas can be displayed. This is
done by vibrating a small mirror inside the camera at a frequency of
0.5Hz off the driving signal frequency. The vibrations can be shown In
slow motion between the phases -90 to 90.
The experiments were conducted with the laser/vidicon box on the
stable concrete floor of the laboratory in the Institute. Any external
vibration, such as that from a- door slamming or nearby explosions,
affected the Imaging process and the image was lost. The television
camera had the normal functions of focus and zoom.
The holographic tests were made on Saundbox A. The soundbox was
suspended, at a distance of Sm from the laser/vidicon box. The method of
holding the souudbox is shown in Fig. 5.2, with a cord attached to the
top of the soundbox and two small strings held by drawing pins to the
coriers at the bass of the box. These small strings at the bass of the
box were to prevent the soundbox spinning. Bk reports that the surface
of the object under testing should be as reflective as possible. The
soundboard of this box with retroreflective tape, Bk reports that this
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only gives a minor disturbing influence on the vibrations of wooden
plates. The back of the soundbox was painted with reflective paint.
The soundbox was excited by a small vibrator on an adjacent stand. This
was powered form the frequency generator in the Vibravision control box,
via a power amplifier. No measurements were made on the free back of the
soundbox: in retrospect these should have been done.
Using this technique, it was possible to determine the frequencies
and mode characteristics of many of the resonances of the soundbox.
Photographs of these are shown in the figures of this section. With one
exception, the front and back of the soundbox at each mode is shown.
Each set of photographs is accompanied by a drawing showing the inactive
areas and the contour lines.
The modes S(1,1) to S(1,6) were all easily determined, plus a number
of other modes not previously seen. The modes can be sorted into three
families:
1. The S(l,n) family with one half-wave across the soundboard
and an increasing number of half-waves along the board. These have been
seen before by the Chiadni technique.
2. The S(2,n) family with two half-waves across the soundboard
and an Increasing number of half-waves along the board.
3, The S(3,n) family with three half-waves across the
soundboard. Only the first member of this family, S(3,1Y, could be found
on Soundbox A.
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On each of these modes, the back of the soundbox was also in motion
as will be shown. Each of the modal families will be described in turn.
5.4.2: The S(1,n)Family
5.4.2,1: The S(1,1) Modes
Two S(1,1) modes were found on Soundbox A, these occured at 176 Hz
and 201 Hz. As explained in 5.2.1, these will be labelled S(1,1)- and
S(1,1)+. The S(1,1- mode is shown In Figs. 5.3 and 5.4, the S(1,1)+
mode is shown in Figs. 5.5 and 5,6. The photographs of both modes show
that, in each case, there is a large central vibrating area on the
soundboard, with the remainder of the soundbox also being in motion. It
can be seen on both modes, that the central area on the soundboard has
elliptical contour lines. This suggests that this area Is a antinode of
activity, rather than part of a bending beam movement.
It was further found that blocking the apertures on the back of the
soundbox removed the S(1,1)- mode and lowered the frequency of the
S(1,1)+ mode. Firth [6] has shown that a similar effect on the guitar is
due to the lower mode {the 5(1,1)-) being due to a Helinholtzian air mode
which is coupled to the first soundboard mode.The upper mode {tbe
S(1,1)+) is due to the same coupling.There Is an amount of mathematical
analysis of this coupling that will be considered in Section 5.5.
As well as FIgs. 5.3 and 5.4, there Is also a cross section view of
the soundbox at the S(1,1)- mode In Fig. 5.7. The major feature of this
107
mode is the motion of the large area on theoundboard. There is a
smaller area of the back of the soundbox that is also vibrating. The
motion of the back of the soundbox spreads from the apertures as the
vibrator power is increased, which indicates that the motion of this
part of the soundbox is due to the motion of the internal air volume
acting on the apertures. The bass and treble end of the soundbox also
vibrate, these move in response to the central area of the soundboard.
There are large inactive areas on the soundbox. It should be remembered
that the first dark fringe does not appear until the motion is 0.12 jim.
The actual nodal areas are smaller than indicated.
It was shown in the previous chapter(Section 4.2.6) that the
Helmholtzian air mode was most active at the bass end and centre of the
soundbox, but inactive at the treble end. This is confirmed by the
evidence here; there is much movement of the wood around the apertures
No.2 and 3 (where the air mode is most active) but no motion of the wood
around the treble end aperture (No 5) where the air mode is inactive.
The S(1,1)+ mode is shown in Figs. 5.5 and 5.6, with a cross section
view in Fig. 5.8. As with the S(1,1)- mode, there is the large central
active area on the soundboard. The bass and treble ends of the soundbox
are also vibrating. The motion of the back of the soundbox is quite
different to the previous mode. There is a band of vibration across the
centre of the box which connects to the vibration of the centre of the
soundboard. The front and back of the box move in unison. There is only a
slight movement of the wood around the apertures.
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5,4.: The S(1,2) MQe.
The next resonance was the S(1,2) mode at 250 liz. This is shown in
Figs. 5.9 and 5.10, with a crass section view in Fig. 5.11. The main
feature of the this mode is an active area in the bass half of the
soundboard. This is clearly defined by the white nodal line. The black
bar in the centre of this area Is the shadow of the vibrator. There Is
another active area above the first, this is smaller in both area and
amplitude. This uper vibrating area Is not totally bounded by a nodal
line. The presence of a nodal line across the soundboard shows that
there Is a bending motion of the box as well as the dipolar mode.As with
the S(1,1) modes, the treble and bass ends of the box are In motion.
FIg, 5.11 shows the relative phases of all the vibrating components.
The nodal pattern of the back of the soundbox only partially fits
with the pattern of the soundboard. There is considerable motion of the
wood around apertures No. 2 and 3.One reason f or this motion is that the
two parts of the dipole are not IdentIcal and there is a net acoustic
Intensity, which could be the driving force for the motion at this
point.
5.4,2.3 The S(13) ](ode)
This mode occureci at 364 Hz and is shown in Figs. 5.12 and513. The
soundboard shows three well defined active areas forming a tripolar
mode. The treble and bass ends of the box are also active. Nost of the
edge of the soundboard is nodal, showing that this mode is confIned to
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the board and not part of a whole souiidbox mode, The number of contour
lines varies in the three areas, with the treble end area being the most
active.
5.4.2.4: The S(1.4) Node
This mode had a resonant frequency at 485 Hz and is shown in Figs.
5.14 and 5.15. The vibration pattern of the soundboard shows four
antinodal area$along the length of the board. The area at the treble end
is the most active. Analysis of the phase shows that this is a
quadrupole mode, with adjacent area being out-of-phase. Almost all the
of edge of the bord is nodal.
The motion of the back of the soundbox bears little relation to that
of the soundboard. There Is a slight bending of the back around aperture
No. 3 and 4. There are also three active areas In the bass half of the
box, the central area encompass-ing the apertures.
5.4,2.5: The S(1,5) Noc&
This next mode in the S(1,n) family came to resonance at 604 liz and
this is shown in Figs. 5.16 and 5.17. The features of this mode follow
from the previous examples; there are now five antinodal areas on the
boarc, neighbouring areas are out-of-phase.The area at the treble end Is
the most active.The edge of the soundboard is completely nodal.
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There is a novel feature on the back of the soundbox; two ribbons of
activity running along half of the length of tI box. There are also two
smaller ribbons at the treble end of the box, Similar ribbons are found
an the S(1,6) mode, considered below, where an explanation will be
given.
5,4,2.6: The S(1.6) NQ
The last made of the S(1,n) family that could be detected was the
S(1,6) mode. This had a resonant frequency at 797Hz and is shown in
FIgs. 5.18 and 5.19. There are six active areas on the soundboard,
neighbouring areas are in antiphase. The treble end area Is the most
active. There are ribbons of activity on the back of the saundbox. The
photograph of these features show that these features are elongated
elliptical areas of motion.	 I
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5.4..3 The S(2,n) Modal Family
5.4.3,1: The S(2,1) Mode
The S(2,1) mode had its resonant frequency at 490Hz and is shown in
Figs. 5.20 and 5.21. The diagrams shows that the lower half of the
soundboard has two large active areas; one on either side of the central
beech bars. They vibrate with opposite phase. The slight assymmetry of
the two areas is due to the loading by the vibrator, which can be seen
on the right of the photograph. There is a third active area at the
treble end of the board. This works at a phase of 90 to the two lower
areas and is due to the action of the S(1,40 mode which occured at
485Hz. This is clear evidence of inter-modal coupling between these two
modes. The treble end of the soundbox is also active.
The motion of the back of the box is complex and could be due to the
inter-modal coupling of the soundboard modes. The main feature of the
back of the soundbox is a nodal band across the centre of the box, which
continues downwards to the bass end of the soundbox. There is also a
"cowslick" nodal band stretching from the edge of the box to aperture
No.1. Looking at the photograph, this complex pattern can be seen to be
caused by three active areas, two at the periphery and the other around
the apertures.
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5.4.3.2: The S(2.2) Node
The S(2,2) mode occured at 583 Hz and is shown in Figs. 5.22 and
5.23.The soundboard has four active areas on the lower half of the
board. The phases of these areas are as expected, with diagonal areas
moving together. The upper pair of areas continue over the edge of the
soundboard. There is only slight motion of the treble end of the board.
The motion of the back of the box shows bending at the centre of the
box plus four clearly defined areas of activity.
5.4.3.3: The S(2,3) Node
The S(2,3) mode was found at 748 Hz and is shown in Figs. 5.24 and
5.25. There are six active areas on the soundboard plus two smaller
areas at the treble end of the board.A nodal line runs along the length
of the board. Four of the active areas of the soundboard continue over
the edge of the board and can be seen on the back of the box. The major
feature of the back of the box is a large active area apertures No. 3
and 4. This motion is air-driven and it is likely that it is due to the
AS air mode, that occurs at 720Hz in a rigid soundbox and is at maxima
at this point on the soundbox. This is of course just a theory and has
to be checked by experiment: intensity plots would be one solution.
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5,4.3.4: The S(2,4) Mode
The last mode in the S(2,n) family that could be detected was the
S(2,4) mode that occurs at 828Hz and is shown in Figs. 5.26 and 5.27.
The pictures of this mode show seven of the eight active areas a-f the
octopole quite clearly with the last of these areas merging with another
antinodal region at the treble end. All of the eight areas in the
octopole are bounded by the edge of the board. There are two small
active areas in the treble end of the soundboard; these could be due to
coupling with the S(1,6) mode which occured at 797Hz.
5.4.4: A S(3.1) Mode
Apart from the modes in the S(1,n) and S(2,n) families, there was
one other mode found. This is the S(3,1) mode, which occured at 965Hz
and ithis is shown in Figs. 5.28 and 5.29. The significant point of this
mode is the three active areas across the base of the box. Adjacent areas
move in antiphase.There are a number of other lesser activer areas,
which could be due to coupling with S(1,n) and S(2,n) modes.
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55: Theoretical Analysis of the Results
5.5.1: The Enclosed Air-Soundboard Coupling
It was shown that the S(1,1)- and S(1,1)+ modes were due to a
coupling of the Helin]aoltzian air mode with the first soundboard mode.
Christensen and Vistensen [7] have developed a two-mass model to
describe the action of a soundboard and air volume. They report that the
frequency of the uncoupled Helmholtzian air mode can be calculated,
using the formula:
7	 2	 a	 2
f = (2 x f^ x f-)/ (f + f)
where f-b is the frequency of the uncoupled Helmholtzian mode,
f_ is the frequency of the lower of the coupled modes; the
S(1,1)- mode
f is the frequency of the higher of the coupled modes; the
S(1,1)+ mode.
This formula is only true if the Helmholtz resonance and the
soundboard resonance coincide in frequency, which is the case here as
will be shown below. The values of these modes on Soundbox A are f-. =
(176 1) Hz
and f^ (201 ±1) Hz. The results of this calculation
is f,-	 (187 ±. 1,5)Hz.
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In the the previous chapter (Section 4.2.6),it was shown that the
Helmholtzian air mode of a rigid (and hence irncoupled) soundbox was
= (190 ±. 1.5) Hz. The two values of the uncoupled Helmholtzian air
mode are within 1.5°6 of each other and within the error margins of the
values.
The values of f_, f^ and fe ., can be used to calculate the frequency
of the soundboard mode when the air resonance is blocked; this is
denoted as f, The formula is from Rossing's paper [12):
2	 2	 2	 2
f_I: -f f_ = f, + f,,
Using the values of f- = (176 ±1) Hz, f^= (201 1) Hz.
and fh= (187 ±. 1.5) Hz., the value of f	 (191 2) Hz.
The uncoupled Helniholtzian air mode and the first soundboard mode are
very close in frequency. This close proximity is confirmed with work on
the S(1,1) modes on another soundbox, Soundbox G, which will be
considered in some detail in Chapter 7. The frequency of the two S(1,1)
modes on this soundbox were f+ = 185Hz and f_ 204Hz. Using the above
formulae, the uncoupled frequencies of the Helinholtzian air mode and the
first soundboard resonances are fh = 194 Hz and f = 196 Hz.
The effects of this proximity of the S(1,1) modes in the
"Orchestra" soundbox will be considered in Chapter 10.
116
5.5.2: Coipar1sojL.i1LnJl..Jsotropic Rectangular Flat..
Rosslng [5] suiiunarises much of the. analysis on the vibrations of
rectangular and square plates. In particular, he gives the following
relative frequencies for the modes of an clamped Isotropic rectangular
plate with clamped edges. The length of the plate Is twice the width.
S(1, 1)	 S(1, 2)	 S(1, 3)	 S(2, 1)	 S(2, 2)	 .S(3, 1)
1.00	 1.30	 1.84	 2.65	 2.94	 5.11
The same modes on Soundbox A have been found, and the frequency of
the uncoupled first soundboard mode has also been calculated. These are
listed below with the relative frequencies:
S(1, 1)	 S(1, 2)	 S(1, 3)	 S(2, 1)	 S(2,2)	 S(3,1)
191 lIz	 250 Hz	 364 Hz
	
490 Hz	 583 Hz	 965 Hz
1.00	 1.31	 1.91
	
2.57
	
3.05	 5.05
The relative frequency ratios for the modes on the rectangular plate
and on Soundbox A are within 57 of each other. This Is unexpected,
because the soundboard on Soundbox A Is an anisotropic trapezoid of
veneered spruce with a set of heavy beech bars running along Its length.
It is interesting to see If this strange coincidence also occurs on
the kree soundboard. The resonant modes of the soundboard from Soundbox
A are shown in Fig. 5.30, with the the frequencies being listed In Fig.
5.31. The resonant modes of a free, isotropic rectangular plate with its
length twice its width are drawn in Fig. 5.32 with the relative
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frequencies being listed In Fig. 5.33. The Information In Figs 5,32 and
5.33 is taken from Wailer's paper of 1948 [13],
The shapes of the resonant modes of the soundboard and the
rectangular plate are quite similar. This is particularly the case with
the (2,n) modes where there Is a clear ring pattern on both the
soundboard and the rectangular plate.
There is little similarity with the resonant frequencies of the
soundboard and the Isotropic plate.For exaniple,on the Isotropic plate,
the (1,1) mode occurs at a higher frequency than the (0,2) mode; the
situation Is reversed on the soundboard. There are two interesting
similarities in the modal frequencies of the rectangular plate ,and the
soundboard:
1. The modes (1,1), (1,2) and (1,3).
On the isotropic plate the relative frequencies of these modes are:
1.2	 2.3	 3.6
On the soundboard, the relative frequencies of the same modes are:
1.2	 2.3	 3.6
2. The modes (2,2), (2,3) and (2,4).
On the IsotropIc plate, the relative frequencies of these modes are:
6.5	 8.7	 10.8
On the soundboard, the relative frequencies of the same modes are:
6.5	 8.7	 10.6
118
There are no other similarities between the resonant frequencies of
the soundboard and the isotropic plate.
To suimnarise the findings, the resonant modes of Soundbox A and the
same mode on an isotropic rectangular clamped plate share the same
relative frequencies (to within 5%). The modes of the free soundboard
from this soundbox and the free rectangular plate are similar in shape,
but there are few similarities in their resonant frequencies.
It should be stressed that this similarity is found with Soundbox A
but that no other "Orchestra" soundboxes have be analysed to determine
whether the same similarity is a general property.Therefore, no
conclusions are drawn here and the matter is left as a challenge to
future researchers.
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5.i3
	 Soundboard Modes and Soundbox Modes
There is a similarity between a group of 6 resonances on the free
soundboard and a group of 6 resonances on the same soundboard when it is
fitted to the soundbox.These resonances are shown in Fig.5.34.The modes
on the free soundboard are defined by Wailer indices, as in Chapter 3.
The similarity is not very striking for the first two cases. This is
because the soundbox modes are whole body resonances. With the other
four cases, the similarity is more obvious,
The frequencie of these two groups of resonances are plotted in
both Fig. 5.35 (on a linear frequency scale) and Fig 5.36 (on a
logrithmic frequency scale).
Kinsler and Frey (2] show that the vibrations of a board have
resonant frequencies determined by functions of normal and hyperbolic
Bessel functions; these would appear in an exponential sequence. Such a
sequence would show as a curved line on a linear graph, as shown in Fig.
5.35, and as a straight line on an logarithmic scale, as shown in
Fig.5.36.
For the last three examples, the differences of the resonant
frequnc1es is only 7%. The difference in resonant frequency is greater
with the first three cases, but the soundbox modes are whole body
vibrations and not Just modes of a held board.
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Many studies on the violin have centre(on the relation between the
resonant modes of free violin plates and the modes of the completed
instrument. Hutchins has been able to specify some of the
characteristics of a completed instrument by considering some of the
modes of the free violin plates [14]. Dickens [1] has proposed that
analysis of a particular mode of the free top plate of the guitar will
determine the characterisitics of the completed instrument.
It is proposed that these modes on the free soundboard give an
indication of characteristics ofthe S(1,n) modes on the completed
soundbox. If this is the case, then this will form a useful method in
harp manufacture, where specific soundboards can be selected for their
particular action on the completed soundboxand on the completed, strung
harp. It will be shown in Chapter 7 of this thesis that the vibrations
of the completed, strung harp are primarily due to the soundbox.
But, again,it must be stressed that this proposal is based on
analysis of
	
soundboard and soundbox. Whether there are any general
relationships between the free soundboard modes and those of the
completed, strung harp is another challenge that is made to future
researchers.
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5.5: Summary of the Results
The vibrations of the soundbox of the "Orchestra" harp have been
considered. Five harps were considered by Chiadni glitter pattern
method, one of these was further analysed by holographic interferometry.
The modes of vibration have been classified in to three resonant
families and photographs and drawings of each of the modes are given. In
the graver modes, the soundbox undergoes whole-body motion and this has
also been described. There is coupling between the Helinholtzian air mode
and the first soundboard resonance. In all of the modes, the back of the
soundbox is also in motion.
There are similarities between the resonant modes of the particular
soundbox under investigation and the resonant modes of an isotropic,
rectangular plate. There are also similarities between a group of modes
on the free soundboard and a group of modes on the soundbox. Whether
these similarities are a general characteristic of all "Orchestra"
soundboxes is not known and is left for future research.
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lLapter 6: The Acoustics of the "Orchestra" Souibox II
iL_JLt.LQU Ct ion
The previous chapter of this thesis dealt with the vibrational
modes of the "Orchestra" soundbox, which were considered using Chladnl
glitter patterns and holographic interferametry. This chapter deals
with the same modes on another soundbox: Soundbox F. This soundbox will
be analysed using input admittance measurements, which provide more
detail about the resonant modes than the other two methods. The action
of the soundbox between the resonant frequencies and the Q-values of the
resonant modes can be determined.
The chapter is laid out as follows:
6.2: Theory and Technical Background
6.3: The Input Admittance Equipment and Method
6.4: The Input Admittance Profile of Soundbox F
6.5: The Structure of the Resonances of Soundbox F
6.6: Summary of the Results
6,7: References
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6.2: Theory and Tecbnl B.ckground
The input admittance technique is- one of the most widespread methods
in musical instrument acoustics and is best introduced theoretically.
Consider the model as illustrated in Fig. 6.1, which consists of a mass
m, connected to a rigid base by a perfect string of stiffness k and by a
damping element c. If a force f(t) is applied to the system, the
equation of the motion of the mass 1s
m+ c-
	 + kX	 = f(t)
By Fourier transform,	 may be shown that the velocity response
v(t) of the system to a sinusoidal excitation force can be given by:
v(t)	 H(G)) f(t)
Ia)
where ll(G)- ----------------------------
177(U22
— w21Jw)
where .j = ( - 1)
= 2irf (angular frequency)
2irf = (kim)" (angular resonant frequency)
Q = (kin)/c (Q is a measurement of the damping of the
system and is usually called the quality factor
(or Q-factor) of the system)
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The input admittance Y, which is a function of frequency, is the
complex ratio of the velocity of the system over the excitating force,
the velocity being measured at the point of excitation.
jttl
Admittance = v/f - ---------------•------•.----- ----------
m(a2 v #j!i)
The units of input admittance are seconds per kilogramme (s/kg) or
inverse mechanical ohms (Q 1 ). The former units will be used in this
thesis, The input admittance curve for the system in Fig. 6.1 is also
given in the same figure. In addition, the input admittance curves for a
pure mass, damping element and stiffness element are given in Fig.6.1.
An input admittance measurement is not only a method of measuring
the vibrational response of an object. It also gives a guide to the
level of sound radiated during vibration of the object, Kinsler and Frey
(11 show that for a vibrating area, the sound pressure level (SPL) is
proportional to the Strength of the noise source, the Strength of the
source being the surface integral of the velocity amplitude.
Cremer 12] gives jnany examples of input admittance measurements of
violins and shows that an input admittance plot is individual to each
instrument, Firth 13] presents measurements of both input admittance and
SFL of the same clarsach. This information is presented in a map form,
as i the case in this thesis. Flrth shows that the SFL map is similar
to the input admittance map: except that the valleys of the map, which
are areas of low activity, are not so deep in the SPL map.
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1oral (4] has conducted a detailed analysis on the prediction of
sound radiation from input admittance measurements. His work is
specifically on the violin. 11oral confirms that radiation from violins
is non-directional at low frequencies, but becomes highly directional at
high frequencies. He found that the radiation varied from violin to
violin and concluded that the radiation level of a violin could not be
predicted better than 3dB from measurement of its Input admittance. Thus
input admittance serves as a good introduction to the radiation of
sound, but is only an estinator.
There is another form of admittance measurement, which is called
transfer admittance. The testobject is excited at one point and the
velocity response is measured at a different point. This is used in
modal analysis of musical Instruments. Nodal analysis is described In
Section 1.4 of this thesis.
I.'
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?Te Input AdpnJit
The equipment to measure the input admittance of the soundboxes is
shown in Fig. 6,2. The soundboxes were suspended in an anechoic chamber
to obviate the effects of standing air modes on the measurements. The
suspension was similar to that explained in the previous chapter and
shown in Fig.5.2.
One important question that had to be answered initially was the
number of testing positions required to form an accurate picture of the
response of the soundbox. Richardson employed four different positions
for his work on the guitar. Alonso Noral [41 used five dUferent
positions on the bridges of violins. Wogram [7] used 14 dIfferent
testing positions in his work on the piano. It was decided that some
forty testing positions should be used for the work on the soundbox.
This large number was chosen inorder to get as much information as
possible about the highest resonant modes of the soundbox, which have
already been shown In the previous chapter. In some of the higher modes,
the distance from the centre of one antinode to the next could he as
small as 15 cm. Using 40 testing positions meant that adjacent testing
positions were 3.5 cm apart. Their precise positions on the central bar
of the soundbox and the positions of the string holes are given in Fig.
6.3.
The soundboxes were excited by a small pin connected to an impedance
head which was in turn connected to a small vibrator, In the work
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reported in this chapter, the excitation was always at right angles to
the plane of the soundbox. The effects of excitating the soundbox at the
angle of the strings will be reported in the next chapter. The impedance
head (B+K 8001) is the central apparatus of this experimental set-up.
This impedance head contains two sets of piezoelectric discs. One set of
discs act as an accelerometer, the other pair act as a force transducer.
An external excitation system, such as described here, suffers from
a major drawback. There can be coupling between the resonances of the
test object and resonances of the excitation. The optimum excitation
system should have no interfering resonances in the frequency range
under investigation. After several trials, it was found that the optimum
system was to support the vibrator and impedance head on a normal
laboratory stand and to fix a considerable mass around the vibrator.
A lead mass of 2.3kg was fixed to the support close to the vibrator,
which with the impedance head and pin weighs 1.1kg. It was found that
addition of a further 4kg mass to the vibrator support affected the
admittance plot by no more than 0.6dB. Removing and replacing the
vibrator at the same point showed that there was a reproducibility error
of less than 1dB in the input admittance measurements. The input
admittance of the system is loaded by 3.4 kg, but comparison with
impulse measurements showed resonances at the same frequencies.
During the measurement of the input admittance, the frequency of the
vibrator signal is swept through a particular range; usually 100Hz to
1kHz. The force of the vibrator is monitored and kept at a constant
level throughout the sweep; the mechanism of this is given below. The
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signal from the accelerometer discs in the impedance head is integrated
to produce a signal proportional to the velocity of the soundboard;
again the mechanism of this is given below. As the force remains
constant, the velocity response is proportional to the response of the
input admittance.
The equipment that monitors and regulates the force of the vibrator
is shown at the top of Fig.6.2. The signal from the impedance head is
passed through a preamplifier and amplifier tcr the compressor input of a
hetrodyne analyser (B+K 2010). The compressor circuitry regulates the
output signal of the analyser, which is fed through a power amplifier to
the vibrator. The compressor regulates this output signal in order to
keep the measured force constant, The frequency sweep is driven by
external control on an X-Y plotter- the connection between the hetrodyne
analyser and the X-Y plotter is not shown in Fig.6.2. The 900Hz linear
frequency sweep (100-1000Hz) normally took about four minutes.
The equipment to measure and record the velocity of the soundbox is
shown in the lower part of Flg.6.2. The signal from the accelerometer
discs in the impedance head is proportional to the accelerometer and
this is fed into an integrating preamplifier. This preamplifier produces
a signal that is the time integral of the input signal. The output
signal from the preamplifier is thus proportional to the velocity of the
soundboard. This signal is then passes through an amplifier to the High
Resolution Signal Analyser. This piece of equipment is a Fast Fourier
Transformer with a storage facility. The velocity signal is measured and
the measurements are stored digitally. The Signal Analyser can then
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produce a Fourier transform of the stored signal. This Fourier transform
produces a velocity spectrum of the soundb. This spectrum is displayed
on a 400 line Raster screen on the Signal Analyser. The same spectrum is
also stored in the memory facility of the Signal Analyser.
For more accurate readings of the velocity response of the
soundbox, the signal from the amplifier could be sent to the measuring
amplifier of the Hetrodyne Analyser. This amplifier could read frequency
signal to an acuracy of 0.iHz.This facility was used to measure the
frequencies and Q-values of the soundbox resonances. The -3dB bandwidth
points could be measured accurately.
The velocity spectrum in the memory of the Signal Analyser can be
recorded on graph paper using an ancillary X-Y plotter, directly from
the Signal Analyser. The measurements in the same spectrum could also be
sent to a filespace in a Cromenco micocomputer, using standard
"handshaking" routines. The data could then be transferred from the
Cromenco to the VAX mainframe computer for permanent storage and
processing.
Vhen a soundbox was tested, 40 frequency sweeps were made in
sequence, the measurements were stored initially in the Signal Analyser
before being transferred to the VAX. On a good day, the measuring,
recording and transfer of all the data took about 12 hours.
In order to get absolute figures for the admittance measurements, a
final additional frequency sweep was made with the vibrator removed from
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the soundbox and a 200g mass fastened to the impedance head. Using the
formula given in Pig.6.1, the absolute value of the admittance of this
mass could be calculated and this was used as a standard for the other
readings (see Section 6.4).
6.3.1: Presentation of the Information: Cartography
A typical input admittance plot of a soundbox is shown in Fig.6.4,
The peaks on the plot indicate resonances of the soundbox and six of the
peaks have been Iridentified,
The question arises; what is the best method of presenting the
information from 40 input admittance sweeps. Clearly, using a small
booklet containing 40 tables of figures, each with 400 numbers is not
practitable. Another method would be to consider a group of forty input
admittance plots, but this would still be a clumsy method of presenting
information.
The answer is to present all the information on a single input
admittance map. This method has been used before in work on the clarsach
[3]. Fig6.5 shows the principle of the cartography in that points with
the same input admittance value are represented by contour lines on the
map. The two axes of the map are:
X-axis: frequency
Y-axis: position along the soundbox, with the treble end of the
soundbox at the top of the map and the bass end of the
soundbox at the bottom of the map,
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The Surfacell package, ava!lible on the VAX computer produced
contour maps from the files of input admittance data. The major problem
was this whole system of ineasurement,recording and processing was that,
because of the number of handshaking routines between the various
computers and microprocessors the data files became corrupted with a
considerable array of spurious control characters. It took a great deal
of editing to get the data into an acceptable form for the Surfacell
package.
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The Input admittance of an "Orchestra" soundbox, Soundbox F, was
taken at the forty positions along the length o the box. Nine of the
spectra are reproduced In Fig.6.6, while the input admittance map of
Soundbox F is given in Fig. 6.7.
The standard value of the decibel readings Is that
OdB= 1.58 x 10	 s/kg ( or mechanical Q-'. This could alternatively
written as 116 dB= 1 s/kg (or Q),
The plots in Fig. 6.6 are plotted from 150Hz to 1000Hz, though the map
in Fig. 6.7 is over the range 100Hz to 1000Hz. The region below the
first soundbox resonance (183 Hz) shows only the steady rise In input
admittance. This steady rise is expected 1 because the action of the
soundbox below the first soundbpx resonance can be modelled by the
simple model shown in Fig. 6.1. THis admittance of this model shows a
steady rise in value upta the one resonant peak.
It is clear from the map in F1g6.7 that there are a large number of
resonances of Soundbox F over this frequency range. Some 17 different
resonances can be Identified. Some of the gravest modes extend over the
entire soundbox, while some of the higher modes are only perceptible at
the top of the map (the treble end of the soundbox).
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The map shows that the treble end of the box has most of the highest
valued antinodal regions, some areas having input admittance levels in
excess of 105dB. The largest value of Input admittance Is 108 dB; which
is at 660Hz and Testing Position 3. At all the Testing Positions, the
input admittance level generally increases with frequency. This
indicates that although there are resonances, the action of this
soundbox Is dominated by stiffness elements of the soundbox , which
cause the admittance to increase contluously.
Looking at the graphs in Fig.6.6, the most distinctive resonant
peak, that with the largest peak-trough height shifts from low
frequencies at the bass end of the box to the middle of the frequency
axis at the treble end. This shift in most distinctive peak is shown on
the admittance map in FIg.6.7 as an arc of tightly bundled contour lines
which stretches from 100-200Hz at the bass end of the soundbox to 500-
800 Hz at the treble end.
6.4,1 The Density of Resonances on Soundboxl
The resonance density of a vibrating object is defined as the number
of resonances in a specific frequency range. For this soundbox, the
resonant density is 17 resonances over a 900Hz range.
This number of resonances can be confirmed by considering all the
resonances of the soundboard on the soundbox and the air in the eoundbox
over the same frequency range. In Chapter 4, six higher order air modes
were shown; Al to AS and the transverse air mode. In Chapter 5, whIch
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dealt with a different soundbox, 12 separate modes were shown, including
the two S(1,1) modes which are the result of the coupling of the
Helmholtzian air mode and the first soundboard resonance. Adding these
two figures gives a total number of 18 resonances over this range. In
practice, only 17 resonances can be found. Given that the expected
number of resonances was based on results on another soundbox, Soundbox
A, the agreement betwen theory and experiment is good.
This resonance density can be compared with those of other harps and
other musical instruments. Firth [3] gives evidence for 8 modes over the
same frequency range on the soundbox of a clarsach. Richardson is able
to identify 11 different resonances on one of his own guitars over the
900Hz frequency range [6], while Alonso Koral is able to find 9 modes
ona high-quality violin of the Cremona school, again over the same
frequency range.
136
,5: The StruQtr Lth
	
njies_ofoundbox F
The structure of the resonances of Soundbox P were found by tracing
the input admitance values along the length of the soundbox. The data is
presented in a graphical form; Fig.6.9i-Fig..9vi contains all the
graphs for the resonant modes. Each graph has the same set of axes; the
Y-axis is the input admittance level, the X-amds is the length of the
soundobx, from Testing Position 40 (at the bass end) to Testing Position
1 (at the treble end). The frequency and Q-value for each mode is also
given for each mode. As in the last chapter the modes of the soundbox
are described using Richardson's notation. This method of notation is
described in Section 5.2.1. The abbreviation TP will be used for Testing
Position.
6.5.1: The S(11)- and S(l,1)+ l'todes
The gravest mods of SourjdboF are the S(1,1)- and S(i,"l)+ modes
which are the result of the coupling betwen the Helmholtzlan air mode
and the first soundboard mode. These modes has resonant frequencies of
185Hz and 204Hz.The structures of these modes are shown In Fig. 6.91.
The structure of the S(1,1)- mode shows a large active region which
stretches from TP 40 to TP1O, There is also a lesser active region at
the tr1eble end of the box, between TF8 and TF1. This structure Is
confirmed by the Interferogram of the same mode on Soundbox A, which was
shown In 5.4.2.1 in the previous chapter.
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The S(1,1)+ mode has a less active preofi.le and Indeed cannot be
seen at certain Teeing Positlons.The points where the mode cannot be
found are indicated by a dashed line: There is an active region at the
centre of the soundbox (TP26 -TF1S) and another at the treble end of the
box (TF5-TP1), but the presence of a node between these two regions
cannot be determined. The interferogram of this mode on Soundbox A does
show a node at about TPIO,
6.5.2:The S(L2) Nqthi
The 8(1,2) mode occured at 250 Hz on Soundbox F and Is also shown In
Fig.6.91. The input admittance graph confirms the Interferogram of the
same mode ,on Soundbox A, as shown In 5.4.2.2, There are two main active
parts: the greater between TP4O and TP21 and the lesser between TF21 and
TF4. There is also a small ,amount of activity at the treble end of the
box (TP3-TP1).
6.5.3: The 3(1,2)' }lode
The next mode had a structure that had not been seen In the
Interferonietric analysis of Soundbox A. It Is shown In Fig.6.9ii. The
mode consists of a large active area betwen TP2S and TP1, that is
between the centre of the sciundbox and the treble end. This Is also a
smaller area at the bass end of the box; betwen TP4O and TP30.
This mode had a similar structure to that of the Al air mode, as
shown in FIg.412 in Chapter 4. As the Al air mode occured at 292Hz in
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the rigid soundbox and this mode was at 289Hz, It is believed that this
mode is the result of coupling between the resonances of the walls of
the soundbox and an air mode. The mode is labelled S(1,2)'and is shown
in Fig.6,9ii..
65.4: ThekI3) ocle
The next mode was the 8(1,3) mode, also shown in Fi86.911. This had
three active regions along thelength of the soundboard, with the region
at the treble end (Between TP16 and TP1) having the greatest value of
input admittance. That the treble end region is the most active is also
shown by the interferograni of this mode (Figs.5.12 and5.13) where this
region had the largest number of contour lines.
6.5.5: The 8(1.4) od
The S(1,4) mode was the next in frequency. It had the , four active
areas along the length of the soundbox, with the input admittance being
at maxima at the treble end (TP4),ThIs is plotted in Fig.6.911.
6.5,6:tke S(21)
The next mode was at 648Hz and the structure, given in the first
plotof Fig. 6.Qlii, showed that it was not a member of the S(1,n) modal
family. It consisted of only one large active region, betwen TP18 and
TF9), with a lesser activity along the remainder of the soundbax. The
frequency and structure of this graph suggest that this is the S(2,1)
139
mode, shown in Fig. 5.21. The 5(2,1) mode has two large active areas on
either side of the central bar of the soundbox and a lesser active area
at; the centre of the box. It is this lesser active area that is
reponsible for the one large peak on the input admittance trace,
6,5.7:TheS(1.5) nd S .(1,5)' Mod
This pair of modes were so close in frequency that the Q-value of
the 5(1,5)' mode could not be determined. They are both shown In
Fig.6.911i. The 5(1,5) and 5(1,5)' occured at 535Hz and 550Hz
respectively. The S(1,5) node has the expected five active regions. The
S(1,5)' mode could only be partially traced. The shape of the 5(1,5)' is
similar to the 5(1,5). It is suggested that this mode Is due to the
coupling of the S(1,5) mode with an S(2,2) mode. Such an 5(2,2) mode was
found at 583Hz on SoundboxA and Is shown in FIg.5.23.
5.8The_!Q&JLtj537_H.
Only a small part of the structure of this mode can be seen, this Is
shown In the first plot In Fig.6.9iv. This had no similarity to either
the S(1,5) or S(1,6) modes. There Is no appropriate S(2,n) mode that has
the same structure. One explanation Is that this mode is due to the A4
air mode which occured at 620Hz in the rigid soundbox and which Is shown
in Fig. 4. 15.
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The next mode was clearly the SC1,6) mode which occured at 660Hz.
The input admittance plot, shown in Fig.6.Yiv can be compared with the
Interferogram of the same mode in Figs.5.18 and 5.19.
6.5.10: The (1,6)' and S(1.6)"
Both of these modes had a similar shape to the S(1,6) modes. They
are both drawn on the same set of axes in Fig,6,9iv. Because these two
modes can only be partially seen, they are the products of coupling
between the S(1,6) mode and other resonant modes of the soundbox.The
precise nature of the other mode has not be established, but there are
some indications as to their Indentity. The S(1,6)' mode occurs at 720Hz
and the AS air mode occurecl at the same frequency In the rigid soundbox
(Fig.4.16). The S(1,6)"utode on Soundbox F occured at 748Hz and an
S(2,3)mode occured at 748Hz onSoundbox A.
6.5.11: The S(1.7) N&.
The next mode in frequency was the S(1,6) mode which occur-ed at
775Hz, The input admittance profile of this mode Is shown In the first
plot in FIg.6.9v. This mode bad not be found by interferonietry and this
was 'the first time it had been detected.
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6.5,12: The
	 j.7)'
The mode at 850Hz could only be partially seen. It was so indistinct
that the Q-value of this mode could not be found. What profile can be
seen is close to that of the 3(1,7) mode. As before, this mode is due to
a coupling between the 3(1,7) mode and another resonance. The precise
nature of the other re sonance has not been established, but an S(2,4)
mode did occur at 828Hz on Soundbox A.
6. 5. 13:	 t 90 0U.
What can be seen of the 900Hz is shown on the last plot on
Fig.6.9v1. This profile is enigmatic and cannot be compared with any of
the other modes on this soundbox. There Is no evidence for any
appropriate air or S(2,n) mode that could account for this profile and
this mode must remain an enigma.
5.14: The 3(1,8)
The final mode in this analysis was the S(1,8) mode at 970Hz and is
shown in Flg.6.9vi. Most of the separate active regions cannot be
clearly shown; this is thought to be due to the distance between the
testing positions on the soundbox. This mode represents the limit of
thIsanalysis using the forty testing positions.
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6.6: Sjt pf the Resulta
Some 17 resonant modes of Soundbox F have been detected and these
are shown in the plots in Fig.6.9. All but one of these modes have been
identified and classified using Richardson's notation. A summary of the
resonances is given in Table 6.1. Some of the higher modes are due to
coupling between S(1,n) and S(2n) modes of the soundbox. The evidence
is that a few of the other modes could be due to the coupling between
soundbox modes and the air resonances of the soundbox.
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Coupling of 3(1,2) and Al air mode
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The action of the A4 air mode
S(1, 6)
Coupling of 3(1,6) and AS air mode
Coupling of 8(1,6) and S(2,3)
3(1,7)
Coupling of 3(1,7) and S(2,4)
not known
S(1, 8)
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!hatr 7: The VI kr iQn	 GQ1d Strmg1t.
LW_1nttiQ
In this chapter, the action of the completed, strung harp will be
reported. The majority of this chapter deals with a sequence of results
showing the action of another "Orchestra" soundbox (Soundbox GY, In the
isolated state and then fitted to the rest of the harp, both with and
without the strings. The sound pressure levels of this harp are also
reported. In addition to this, a number of smaller projects will be
reported. The first Is the effect of angle on the Input admittance
measurements, with the input admittance being taken with the Impedance
head at both right angles to the soundboard and at the string angle. The
input admittance of the coiiipleted, strung harp over the frequency range
50Hz to 10kHz is also given. The input admittance and sound pressure
level (SFL) at the string positions and frequencies are also given.
The chapter will be laid out as follows:
7.2: Technical Background: Research on Other Instruments
7.3: The Experimental Method
7.4: The Sequence of the Measurements
7.5: The Development of the Modes
7.6: The Effect of Excitation at the String Angle
7.7: The Response of the Harp over the Range 50-10000Hz
7,8: The Input Admittance and SPL at the String
Positions and Frequencies
7.: Conclusion and Summary
7.10: References
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ri nst ru me_j
Most acoustical research has concentrated on the action of the
sound- producing parts of musical instruments, usually called the
soundboxes. There has also been a small amount of work on the low-
frequency whole body modes on a number of different instrument. Such
modes invlove the Instruments moving as one-dimensional bending beams.
Richardson 11) reports work on the classical guitar and shows a one-
dimensional beam mode of this instrument. The mode has nodal lines at
the second fret of the string neck and the bridge. He reports that this
mode Is a poor radiator of sound, but It can be detected In the input
admittance plots of this guitar and it was conceivable that it could be
excited by the strings during •the transient part of the note. No further
one-dimensional modes could be detected.
Similar beam modes have been detected on the violin.'Alonso Moral
and Jansson 12) report two beam modes on the violin, one being the
gravest mode of the Instrument and the other having a frequency above
that of the Heniholtzian air mode. They also state that other one-
dimensional modes could he detected, but these were weak In relation to
the other forms of vibrational modes In the particular frequency range.
regards harps, there have been reports of whole body modes on
both Baroque harps and a clarsach. Firth [3] reports two whole body
modes on both a Spanish and an Italian Baroque Harps, these modes
occuring at frequencies well below the first soundbox modes. These
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modes are essentially those of a triangular wooden beam. On a similar
analysis of the clarsach, Firth[4] shows the shape ofa whole body mode
on this instrument. However, there is evidence to suggest that this
reported mode is more than just a flexing of the clarsach body and is
also due to the action of the Helmholtz air mode of this instrument.
One other topic covered in this chapter is the effect of the strings
on the action of the soundbox. Such action can be divided into two
parts. The first part is the very complex effects due to the coupling
between resonances of the strings and those of the instrument's
soundbox. The most analysed example of this is the "wolf-tone" of the
cello. The second part of this topic is the effect of the tension of the
strings on the motion of the instrument body.
This effect is not very great on the violin or guitar and is largely
Ignored. McLennan (5] is the only researcher to have considered the
static deflection of the violin-as the strings are brough to tension.
With the guitar, Richardson [6] reports that the effect of stringing a
guitar changes the frequencies of the resonant modes by at most 3%. In
general, the frequencies of the modes lower. Richardson investigated the
shapes of the modes and could find no change due to the strings.
This is not the case on larger instruments like the harp or piano.
The string tensions on these instruments can be of the order of
magnitude of iO'N and these tensions do affect the action of the
instruinents.Wograni (7] reports the effects of the string tension on the
input 'admittance and SPL of a grand piano. He found changes in both
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resonant frequency and SPL. Firth[4] found that the peak-trough heights
of the input admittance levels of the modes decreased when the harp was
strung. Similar effects for the "Orchestra" harp will be given below in
Section 7.5.
7,3: The Experimental Nethod
The principal technique used in this chapter is the measurement of
input admittance at the same Testing Positions along the length of the
soundbox. The technique and Testing Positions have been described in
6.3. On some of the tests, not all of the Testing positions could be
used as the base and string arm of the harp prevented the vibrator
reaching these positions.
Two of the sets of input admittance measurements were conducted on a
completed harp. During these tests, the harp was suspended by strings
tied to the string arm and the base; this method of holding the harp is
shown in Fig.7.i. The resonant frequency of the harp on these strings
was less than ½Hz.
Tests were also made with the harp strung and tuned to pitch, the
strings being heavily damped by ribbons of plastic being woven between
the strings. During these tests, the vibrator was held at a slight angle
to the plane of the strings (<100), with the pin of the impedance head
being as close to the centre of the cover bar as the strings would
allow.All of the work reported in this chapter was made with the
soundboxes and the harp in an anechoic chamber.
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Measurements of SPL are also given in this chapter. These
measurements were made in much the samer way as the input admittance
measurements. The harp was suspended and excited by a vibrator at a
constant force through a frrequency sweep. The sound was taken by a
microphone held some 1.5m from the centre of the soundbox and in the
plane of the strings. The spl was measured by the High Resolution Signal
Analyser (B+K2033) which connected directly with the microphone. The
results of a frequency sweep were stored by the Signal Analyser and the
results from all the frequency sweeps were transferred to the VAX
computer for processing. The same handshaking routines and software
packages were used as decribed in Section 6.3.
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Measurements wre made on another "Orchestra" soundbox, Soundbox G,
at the following stages:
1. The input admittance was taken on the isolated soundbox.
2. The input admittance was taken on the same soundbox as part of
the completed harp, but without strings.
3. The input admittance was taken on the same harp, but with the
strings fitted and tuned to pitch.
4. The SPL of the same completed, strung harp was taken.
The term "completed" harp means the complete wooden structure of the
instrument; soundbox, column, string arm and base, but without tuning
mechanism (including the pedals) nor with varnishing or finishing. The
wood of all the parts was in the white. The string arm did have the
tuning pins and bridge pins. -
I'Iaps of the above measurements are given in Figs. 7.2,7.3,7.4 and
7.5. On the last three of these maps; no measurements are presented for
Testing Fositions (TP) 1-3 and 37-40. The base and the string arm hid
these positions, The reference level for the Input admittance
measurements Is ll6dB= 1 	 (or 1 s/kg). The response curves for the
same point (TF17) over the four different stages are given In Fig.7.6.
Some general comments can be made with reference to the maps and the
plots In FIg.7.6.The admittance map of the isolated soundbox (FIg.7.2)
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shows the normal profile of an "Orchestra" soundbox with a clearly
defined sequence of S(l,n) modes, these are fairly evenly spaced in
frequency. THe active parts of these modes are clearly defined by the
rings of contour lines. When this map is compared with the input
adiniitance map for the completed, unstrung harp (Fig.7.3), no-great
difference can be seen. The resonant modes of the completed, unstrung
harp are much the same as for the isolated soundbox. There are of course
a number of small differences, One of these is that there is a general
slight increase in input admittance level for the upper half of the harp
at frequencies above 500Hz,
The input admittance of the completed, strung harp is quite different
from that of the unstrung instrument. This difference can also be seen
betwen the second and third plots in Fig.7.6. The principal change is
that the input admittance levels at the resonant antinodes have lowered.
The peak-trough heights of 'all the antinodes has also fallen. There
resonances of the soundbox are still present, but they are far less
apparent. The input admittance of the harp is now more evn and in
general slowly increases across the frequency range.
The last map shows the SPL characteristics of this completed, strung
harp. The SFL map shows a large number of small peaks and troughs. It
should be noted that this map is based from results from one microphone
at one position relative to the harp and the microphone is in the
nearfield of the soundbox. However, the major resonances of this SPL map
can be related to input admittance resonances as will be shown in the
next section.
15].
LJ: The Developinnt of the ?'lodes
In this section, the development of the oundbox niodes as the
soundbox is fixed to the rest of the harp is reported. The soundbox
modes will be considered first, then the whole body resonances of the
harpwill be reported.
L5.1: The (1.1)- arnL.j1.1)+ Hode.
As has been shown (5.4.2.1) the S(1,1)niodes are formed by coupling
between the Helntholtzian air mode and the first soundboard resonance.
On Soundbox G the S(1,1)- mode occurs at 153Hz and this is shown In
the first trace of Fig.7.8. Vhen Soundbox G is fitted to the rest of the
harp, the S(1,1)- mode chang-es in frequency, shape,input admittance
level and Q-value. The shape of the mode changes in that the central
vibrating area moves slightly down the box and another act4ve region
forms at the treble end of the box. One explanation of this is that the
motion of the isolated soundbox at this mode was that a large central
area of the soundbox moved in unison, while the entire treble end of the
box moving in oppisition. The effect of attaching this box to the rest
of the harp is to hinder the motion of the entire box and the response
at the treble end is limited to the soundboard alone.On tests on the
harp t this frequency, there was little motion of this instrument
beyond the boundaries of the soundbox.
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The presence of the strings significantly changes the activity of
the S(1,1)- mode. This S(1,1)- mode on the strung harp can only be
partially shown because the motion of the mode between TP13 and 17 is
masked by the input admittance peak of the S(1,2) mode. The SPL trace of
this mode shows that there is a nodal point here. The effect of the
strings is to raise the resonant frequency, by a factor of 10%, and to
reduce the input admittance level, by as much as 7dB. The Q-value of the
S(1,1)- mode at this stage was indeterminate because there was
insuffuicient trough in between the SC1,1) mode to find a -3dB point.
The S(1,1)+ mode is considerably weaker than the S(1,1)- mode;
indeed on the isolated soundbox, this mode was so weak that the mode
could only be detected at three testing positions and it was no possible
to measure the Q-value of this mode. It had a resonant frequency at
200Hz. The sarnre mode could be detected on the completed harp, both with
and without the strings. THe input admittance and the SPL profiles are
the same shape as the S(1,1)-.
7.5,2: The S(1,2) and S(1.2)' Modes
The development of these modes is shown in Figs. 7. 10 and 7.11
respectively. As with the S(1,1) modes, the effect of putting the
soundbox onto the rest of the harp and adding the strings is to change
many of the characteristics of the modes.
On the isolated soundbox, the two modes are quite distinct with the
S(1,2) mode occuring at 221Hz and the S(1,2)' mode at 251Hz. They each
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had similar profiles to the same modes on Soundbox F. When the box is
connected to the rest of the harp, only oneinode can be found between the
S(1,1)+ and 5(1,3) modes. This had a resonant frequency at 249Hz and had
a profile which was a hybrid of the 5(1,2) and S(1,2)' modes on the free
soundbox. When the strings are fixed and tuned to pitch, two modes are
produced. These are shown with their accompanying SPL traces in the two
figures. Their profiles are very similar although they are separated by
almost 30Hz. Such a close similarity suggests that these modes are the
results of coupling between the 5(1,2) and 5(1,2)' modes.
7.5.3: The 5(1,3) }ode
The development of the 5(1,9) mode as the soundbàx is fitted to the
rest of the harp and as the strings are added and tuned to pitch is
shown in Fig.7.12. The basic profile of the S(1,3) mode remains during
the stages of construction. The SPL profile is different from the
accompanying input admittance plot. FirthE4I reports the ame effect on
the clarsach. On reason for this is that there could be a resonance of
the strings and. damping plastic that is transmitting the vibration from
this nodal point.
7,5.4: The S(1.4)J
Tiis mode is shown in Fig.7.13. The profile of the mode on the
isolated soundbox has four well-defined regions. The profile of the mode
changes when the harp is completed and strung. There is only one
definite antinode of this mode on the completed, strung harp, but the
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SPL trace shows four SPL peaks, which are minore distinct than the
accompanying input admittance trace.
7.5.5 The S(1.5), S(1,6). S(1,7) and S(1.8) Modes
The developments of these four modes are shown in Figs.7.13, 7,14,
7.15 and 7.16. These modes are considered together as they undergo the
same general trends during the sequence of construction and stringing.
The resonant frequencies of these modes change very little (maximum
of 2%). The profiles of the modes do change: in general the profile of
the modes decay during the sequence so that the individual antinodal
regions can no longer be clearly defined. The SPL traces bear little
relation to the accompanying input admittance plots. A reason for this
is that more than one resonant mode is being excited at each testing
position and frequency. On Scundbox F, six other modes were detected
amongst the S(1,n) modes. The SPL traces are thus the results of
radiation from a variety of modes.
7.5.6: Whole Body Resonances
As well as the soundbox modes, two whole-body modes were found on
the completed,strung harp. These were analysed by fixing an
accelerometer to the harp and tapping the instrument with a small wooden
hammer. The absence of an accelerometer signal at the appropriate
frequency indicated a node.
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The two whole body modes are drawn in Fig. 7. 18 and are labelled Bi
and B2. The graver Bi mode occured at 85Hz on the unstrung harp and 92Hz
on the strung harp. This had a three part motion, with the soundbox and
pillar of the harp moving together while the string arm moves to the
side to accomodate the motion of the other two parts. Thee are three
nodal lines, one at each end of the string arm and a further node at the
base of the harp. The other whole body mode B2 consisted of a six-node
resonance. The soundbox in both of these modes vibrated In unison as
there were no modes at any point on the soundboxes.
Both of these modes can be detected on input admittance and SPL
sweeps on the testing positions on the soundbox. It is thus likely that
both of these modes would be excited by an osciLLating string and would
thus contribute to the radiation of the fundamental frequencies of the
strings in the 6th and 7th octaves.
7.5.7: The Frequencies of the Resonant Nodes
A diagram showing the changes of the resonant frequencies of the
whole body modes and S(1,n) modal family Is given in Fig.7.18. The modes
above S(1,2)' change only very slightly between the isolated soundbox
and the completed, strung harp. Firtht43 reported the same results on
the clarsach, where the higher resonances of the soundbox did not change
when the soundbox was fitted to the rest of the instrument. The graver
modes: Bi, B2 and S(1,1)- to S(1,2)', are changed in frequency when the
soundbox is fitted to the rest of the harp. The inter-ferograms showed
that these modes involved motion of the entire soundbox. When the
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soundbox is fitted to the rest of the harp, this movement of the entire
soundbox is completely prevented and the motion of the soundboard is
affected.
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7.6; The Effect of Excitation at the String Angle
All of the above tests were made with the vibrator at right angles
to the plane of the soundbox. However, the strings of the-harp meet the
soundboard at an angle of 3O.An experiment was conducted to determine
how the input admittance response at the string angle differed from the
response at right angles. One can anticipate that transverse modes would
not be greatly excited as the central bar of the soundbox is a node for
such vibrations. On the other hand, longitudinal waves (which have not
been discussed at all in this thesis, but are known to exist) could be
more effectively excited by having the vibrator at an angle to the
soundboard. The experiments were made on an unstrung harp.
The results are shown for two testing positions; TPB (Fig.7.19) and
TP28 (Fig.7.20). In each figure, there are two input admittance plots:
one for the excitation at right angles and the other for excitation with
the vibrator at the string angle. The difference between the two plots
is shown below. With each figure, there is good similarity between the
two input admittance plots. The difference rarely exceed ±3dB. The
points of greatest difference at usually at valleys of input admittance.
The conclusion of these tests is that there are only small
differences between the input admittance measurements.
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7.7: The Response of the Harp over the Range 50Hz to 10kHz
All of the above input admittance and SPL measurements had an upper
frequency limit of 1kHz. All the major resonances of the harp are below
this frequency.The input admittance response of the strung- harp was now
taken over the frequency range 50Hz to lOkHz.The measurements were made
using the standard method shown in Fig. 6.2. The results for two
different testing positions are given in Fig.7.21. The frequency axis
has a logarithmic scale. The characteristics of these plots upto 1kHz
have been considered before and show a general rise in input admittance
with the resonant mode of the harp showing up as peaks on the plot.The
input admittance rise to a plateau of maxima between 1kHz and 1.5kHz,
where after the input admittance level smoothly falls back.
The region between 1kHz and 1.5kHz has a large number of small peaks
which indicates this is a region where the resonances are very close
together in frequency so that they are closely coupled. This is
sometimes a position of resonance continuum. Such a continuum has been
seen on many other musical instruments including the violin £2], guitar
[5] and piano [6].
The region above 1.5kHz shows a smooth fall in input admittance. A
similar smooth drop in input admittance has been seen on all the above
musical instruments. This smooth drop in input admittance is found for a
pure mass, as shown in Fig.6.1, and this region is said to be mass
control led.
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The questions has been asked, why I have not included phase
information. The answer Is simple stupidity.
7,8: The Input Admittance Values and SPL
at the String Positions and Frequencies	 -
The last topic of this chapter is to consider the values of input
admittance and spl at the string position and frequency. Plots of these
two functions are shown in Fig.7.22 and 7.23.
In general, there is a rise in Input admittance from the bass
strings to the treble. There are only two peaks on this plot and these
are due to the strings being on major active areas of two particular
modes of the harp; the modes are B2 and S(1,3). The greatest difference
in input admittance level betweeu two adjacent string positions is 15dB,
for strings 31 and 32. Usually, the difference is much smaller, the
average difference being about 3dB,This small change between adjacent
strings Is in contrast to the clarsach[3], where the input admittance
values at adjacent string positions could differ by as much as 30dB.
The SPL trace is shown in Fig.7.23. The peaks on this plot can be
identified by particular resonances, For exaniple,the peak at string
position 2 is due to the S(1,1) modes, The trace shows a sharp rise
betwen string positions 28 and 26, There is also a drop in SPL between
string positions 20 and 14, showing that there are no antinodal region
on the soundbox that can transfer the energy from the vibrator into
sound energy.
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The same SPL readings are replotted with an A-weighting in Fig.7.24.
This A-weighting is an established method of adjusting SPL to indicate
the response of human hearing. This plot has a more level SPL plateau
from the string positions 26 to 1.The SPL values are more than 3OdB(A)
below those of the plateau. The harp is inadequate at radiating the
energy of the fundamental vibrations of the bass strings, although its
response for the rest of the strings is more uniform.
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7.9: Conclusion
The resonances of a particular soundbox, Soundbox G, has been
examined both in the Isolated state and when the oundbox is part of the
completed harp, both with and without strings. The changes of the Input
admittance profile has been considered and reported. Two whole body modes
are also found and are reported. The input admittance of the strung harp
over the range 50Hz to 10kHz has also been reported, The input
admittance and SPL values at the string positions and frequencies have
been found. The A-weighted SPL trace shows that the instrument will not
able to effectively radiate the vibration of the fundamental modes of
the bass strings, those below about 180Hz.
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apter L lb. irtivity of the "Orchestra" Concert HarpL
.i: Introductioij
In this chapter, the directivity of the "Orchestra" harp is
considered, The harp is found to be be directional at high frequencies
and the angles of maximum sound radiation are found. These results will
then be used to consider the placement of the harp in orchestral seating
arrangements and the position of a microphone for maximum SPL, The
chapter is structured as follows:
8.2: Technical and Research Background
8. 3: Experimental Procedure
8.4: ThIrd Octave Analysis of the Harp in Orientation One
8.5: Third Octave Analysis of the Harp in Orientation Two
8.6: Third Octave Analysis of the Harp In Orientation Three
8.7: Nicrophoning and Orchestral Position
8.8: Summary
8.9: References
8.2: Technical and ResearchBackground
Many authors have dealt with the directivity of the sound radiating
from different sources, e.g. see Berenek (1], Morse and Ingard [2) and
K1nler and Frey [3]. Apart from a simple source, which is defined as a
spherical sound source whose radius is small compard with a sixth of the
wavelength of the emitted sound, all of the cited examples in these
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references are shown to be directional. This is especially true for
high-frequency radiation, where the wavelength of the radiated sound is
much smaller than the dimension of the source. Fig.8.l gives an example
of this Kinsler and Frey [3] show that the radiation fronia piston
becomes increasingly directional at higher frequencies. Most of the
radiation is confined to a smaller angular region about an axis normal
to the piston.
BerenekEl] quantifies this directional radiation of sound sources by
the parameter Directivity Factor Q(f), or in it is expressed in
decibels, the Directivity Index DI(f). Q(f) is defined as the ratio of
the intensity on a designated axis of a sound radiator to the intensity
that would be produced at the same position by a simple source if It was
radiating the same total acoustical power as the radiator.
The Directivity Index is given by
DI(f) = 10 logio Q(f)
I.,
Vith regard to stringed musical instruments, the violin and the
guitar have both been shown to be directional. Caldersmith(4] found
differences in the frequency response of a guitar when measuring the SPL
at different points around the instrument. Alonso Moral [5] has shown
that, although the violin Is a uniform radiator at low frequencies
(<300Hz), the instrument becomes highly directional at higher
frequencies. This is confirmed by HaraJda 16] who worked on four top
quality violins. Nagal [7] has conducted a theoretical calculation of
the clirectivity of a particular high order resonance on the the violin.
This resonance was reproduced using a rectangular box with eight
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loudspeakers and he measured its directional characteristics by
vectorially adding the sound fields of the individual sound sources.
Theory and experiment agreed to within ±2 dB.
Meyer's work on the clirectivity of bowed stringed instruments (8] is
arguably the most rigorous work in this field. He showed that for the
violin, cello and double bass there are preferred regions of radiation,
which change in both direction and angular width with frequency. Some of
lleyer's simplified drawings are shown in Fig.8.2. He then used this
Information to comment on the optimum seating arrangement for a string
orchestra, using the criterion of maximum sound transmission between
instrument and audience.
ThJperImental Procedux
The measurements were made In the large anechoic chamber at the
Dept. of Electrical Engineering,. University of Dundee. Th completed,
strung harp, the same harp as reported in the previous chapter, was
mounted on a turntable (13+K 3922). The strings were damped by plastic
ribbons woven between the strings. The harp soundboard was excited by a
vibrator and pin system as in the previous chapters. The vibrator was
positioned to excite the harp at the standard Testing Positions which
will be given below for each orientation, the the three orientations
will also be described below.
As the harp was rotated, the radiated sound was detected by a
microphone positioned some distance from the instrument. The SPL was
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recorded on a level recorder (B+K 2307), which presented the information
as a polar diagram. The level recorder was linked tothe turntable so
that the polar recording paper and the harp rotated simultaneously.
The question arises, at what distance from the harp would a
microphone be measuring the far field behaviour of the instrument?
Berenek[1] states two conditions for the distance of the near field/far
field boundary. These are:
(1) That the extent of the radiating array, in this case the length
of the soundboard, must be small compared with the distance, r, from
the centre of the radiating array to the microphone.
(2) That r must be large compared with X2/36, X being the
wavelength of the radiation under question.
Berenek states that the size factor should be larger than 3 to 10.
Taking the second condition first, the lowest wavelength considered
in these tests is 3.42 m, corresponding to a frequency of .100Hz, thus r
should be greater than 0.33ni for the far field case. Considering
Berenek's first condition, the length of the soundboard is 1.3m, so r
should be at least 3.9m, By placing the turntable and microphone in
opposite corners of the chamber it was possible to separate them by
4.5m, which was far enough to measure the far field behaviour of the
harp.
With his work on the cello and the violin, 1eyer[8] made
measurements in two orthogonal planes: the plane of the bridge and the
plane of the bass bar, For these experiments , measurements were made
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with the harp in three different orientations, as shown In FIgs.8.3 and
8.4. These were:
1. wIth the harp standing upt-ight on its feet: OrientatIon 1.
2. with the harp on its side, supported so that the cover bar on the
soundboard was parallel to the floor; Orientation 2.
3. with the harp supported on the back on the soundbox with the
soundboard parallel to the floor; Orientation 3. The harp was
supported above the turntable to prevent any blocking bf the air
through the apertures.
There is a problem associated with these orientations in that the
distance from certain parts of the soundboard varied during rotation.
The worst instance of this was for the treble end of the soundboard,
where the change In distance to the microphone could create an error of
ldB in the SPL readings; Thuis error does not, however, need to be taken
Into account because the purpose of these tests was to determine some
general preferential radiation regions of the harp over awIde range of
frequencies. The purpose was not to make extremely accurate measurements
of the radiation.
For all the tests, the vibrator was driven from a white noise source
and the signal from the microphone was filtered by overlapping filter
bands, approximating to third-octave filters. The central frequencies
and bandwidths of the filter settings are given In Table8.i. The use of
third-octave band analysis is appropriate as they approximate to the
critical bandwidths of hearing in the human ear (11],
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Each set of third-octave measurements produced 16 polar coordinate
plots. Rather than show every plot, the essential information can be
shown by a "3dB plot' 1 as introduced by Neyer(&I and explained in
Fig,8.4. This figure shows a radiation diagram of the SPL radiation of
the harp and the 3dB plot of the radiation diagram. The maximum SPL
value is at 270 and the angular regions 350to 50, 14to 155, 205to
230 c
 and 255to 290 have SPL readings within 3dB of this maximum, These
regions are marked on the 3dB plot at the particular frequency under
consideration, which in this case is 630Hz. The level of 3dB is used,
rather than 5dB or lOdE because, to quote lleyerL8]:
"A variation in level of 3dB is not very important for the
loudness of a tone, but the variation of single harmonics
by 3dB has an influence on the timbre of the instrumen,t.
In an ensemble, a loss of 3dB can cause one instrument to
he masked by another. Thus the 3dB angular range is a
significant characteristic."
I,
0
4jThkrd Octave iIysif tkJj rp In OtJ.mtation One
The harp was placed in an upright position on the turntable
(Orientation 1) and the SPL variation with the angle of rotation was
measured. Tests over the coniplete frequency range were conducted with
the shaker at the following Testing Fositions:
1.At TP27, This is at the eyelet for string 33 (5th C,l3lHz)
2,The shaker removed and replaced at TP27, to test for
experimental reproducibility
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3. At TF16.This is at the eyelet for string 19 (3rd C,23Hz)
4. At TP12. This is at the eyelet for string 1 (2ndC,10461-Iz)
The 3dB plots for each of the four sets of measurements are shown in
Fig.8.5. The experimental plots f or the two tests at the same testing
position are not identical. A small perturbation at the maximum SPL
point, even of the order of 1dB would significantly change the extent
of the 3dB regions. The plots for string positions are also indiv1dua1
though there are common features to all the four plots. In order to find
these common features from the four plots, an additional "average" 3dB
plot is drawn; this Is given in Fig.8.6 and shows regions where 3 of the
original 4 plots had dark lines.
The radiation characteristics shown in the "average" plot can be
divided into three parts. At low frequencies (100-400Hz), the harp is
nondirectional, the sounds radiation being uniform, or wIthin 3dB, at
all angles. For the middle frequency range (400-2000Hz) the harp is
directional, with the major regions of radiation being to the front and
back of the Instrument. For high frequency sound (2000-4000Hz), much
sound Is radiated from the back of the harp and there are also two major
radiation regions to the front, one on either side of the column. These
principal areas of radiation f or the different frequencies are shown in
a simplified form in Fig 8.7, the areas being shaded for extra clarity.
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8.5: Thr
	
tiLAnJ.ysis of Uie Harp in Orientation Two
The harp was placed on its side with the cover bar parallel to the
floor. The third octave analysis was repeated with the vibrator at the
following testing positions:
1. At TP27. String No.33 (131Hz)
2. At TP16. String No. 19 (523Hz)
The 3dB plots for both of these string positions were drawn and the
"average" 3dB plot, which showed the angular regions where both of
theoriginal 3dB had lines, was also drawn. This "average" plot is shown
In Fig.8.8and a simplified form of these results is shown in Fig.8.9.
As was the case with the harp in Orientation 1, it is possible to
divide the directional characteristics of the instrument into three
frequency ranges. At low frequencies (100-400 Hz) the major radiative
regions are almost perpendicuLar to the soundboard, bot]to the front
and back of the instrument. For the middle range frequencies (400-
1000Hz) there is again a radiative regions perpendicular to the back of
the harp, but the radiative area from the front of the harp is in a
different direction; this is directed upwards. As the radiation is
upwards, the reflective properties of the ceiling of the auditorium will
be important in the transmission of these frequencies. At high
frequencies (1000-4000Hz) the principal radiative area is a wide arc to
the front of the soundboard.
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a t llr.p1 &Diinat ion Three.
The harp was supported on the back of the soundbox, with the
soundboard parallel tQ the floor. The third octave analysis was
performed as before with the vibrator at these testing positionst
1. At TP 27. String No.33 (131Hz)
2. At TP 16. String No.19 (523Hz)
The "average" 3dB plot of this harp in this orientation is shown in
Fig.8.1O and a simplified form of this is shown in Fig.8.11, At low
frequencies (100-400Bz) the major sound radiation is to each side of the
harp. At middle frequencies (400-1000Hz) the radiation is predominantly
upwards. The situation for high frequency radiation (1000-4000Hz) is
complicated. There are two areas of major sound output on each side of
the harp, one tending upwards, the other being slightly downwards.
2jJ j rbanjngixLQrchestra1 ?osltioii
There is one further stage in reducing all the information from the
3dB plots and this is to show the principal areas of radiation of the
harp over the whole frequency range. The shaded areas show the regions
of maxlimiui sound radiation of the harp. This information can be used to
comment on two topics: the optimum position of a microphone for use in
recorping the harp , and the position of the harp in orchestra seating
arrangements.
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With respect to ":mikeing" the harp, the microphone should be placed
in a region indicated by Fig.8.12. An optimal distance from microphone
to harp is not given. Most acoustical researchers uses a "plate-length"
distance , this would be i.3m for the harp, but recording engineers
position their microphones at a variety of distances, depending on the
ratio of direct and reverberent sound desired in a particular recording
[9).
As for orchestral seating arrangnients, Wooldridge[1O] gives a number
of orchestral seating plans as used by various conductors and four of
these are reproduced in Fig.8.13, With the information gained by the
work in this chapter, some comments can be made on the positioning of
the harp in the orchestra. The criterion applied is for maximum sound
transmission of direct sound from harp to audience, the audience being
assumed to be behind the conductor and facing the same way.
At all the frequencies considered, the maximum sound radiation is in
a wide arc along the length of the soundboard. For maximum transmission,
the harp should not be obscured by any object directly in front of it.
If possible, the harp should be raised above the level of surrounding
instrumentalists. The harpist should face her instrument towards the
audience for maximum transmission.
At all frequencies, but particularly for the middle frequency range,
much sound is radiated upwards. A reflective,angled ceiling above the
harp would assist the transmission of sound towards the audience.
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For low and middle frequencies, much sound is emited from the back
of the soundbox. A reflecting wall behind the harpist would assist the
transmission of sound to theaudience.This was the case with the
Birtwhistle positioning as the orchestra, the Chicago Symphony, was on a
concert platform backed by a reflecting shell,
Some comiiients about the different orchestral seating plans can be
made in the light of these comments. The Birtwhlstle arrangement has the
harp at right angles to the audience so this does not meet the above
conditions. The Stokowski and Nunch plans place the harp in the correct
direction, but the Koussevitsky plan is better than these as the harp is
tucked into a corner between the auditorium wall and the side of the
dias for the timpani. These features would reflect the sound emitted for
the back of the soundbox.
8.8: SJJ11mr
I.
The harp is shown to be a directional radiator.The principal regions
of radiation of the instrument were found and are shown in Figs.8.7, 8.9
and 8.11. This information is then employed to comment on microphone and
orchestral positioning.
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9: Thelysis_of uicn	 tcLQ1La.iJ.ty pf Haia
9IJrtLQL
It is stating the absurdly obvious to write that one of the
differences between a good musical instrument and a bad one is the
sounds that each produce.Luthlers have f or many centurieslistened to
instruments, have tried to analyse the sounds produced and have then
proceeded to change the structure of such Instruments to produce a • more
desirable tone. Luthiers require much skill and experience to know the
corre '-t change to make and such changes are essentially trial-and-error1
little being known about the underlying science Of musical Instruments.
In the light of scientific research, a number of acousticians have
tackled the problem of finding measurable acoustic features that
distinguish a desirable Instrunent from an undesirable i,nstrument. This
chapter deals with an analysis of of this problem on the concert harp.
Six harps were recorded and the recordings were analysed in three ways,
which will be described in more detail below. Statistical analysis is
then used to find the distinguishing features of preferred harps. The
subjective judging was made by Mr Victor Salvi, owner and managing
director of the Salvi Harp organIsation.
The chapter Is laid out as follows:
9.2: Back8round Material
9.3: Experimental Frocedure
9,4: Statistical Analysis
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9.5: Conclusion and Summary
9.6: References
9.2: Background Material
Many researchers have analysed the sounds of musical instruments.
Although each analysis have been particular to the researcher, most have
a common basis in the frequency filtering of a characteristics signal
from the instrument. Such a characteristic signal could be an Input
admittance measurement, or the recording of a musical piece played on
the instrument.
One of the first researchers to analyse the sound spectra of
stringed musical Instruments was F.A. Saunders [1],[2],(3]. Amongst his
many tests, he determined the sound response curves I or a large number
of violins, including three made by Antonio Stradivari, these are shown
in Fig. 9.1.
More recently, Jansson and Sundberg have developed a useful tool for
the analysis of played music; the Long-Time-Average-Spectra [4],E5],[6],
abbreviated to LTAS. This involves the measuring of the signal level In
each of a number of frequency ranges. Initially, there were 51 ranges,
In a combination of linear and logarithmic scales. This was later
changed to 24 Bark filter frequency ranges; a Bark being a frequency
band aproxiniating to the critical bands of hearing [7]. A typical set of
LTAS of four violins Is shown In Fig.9.2. Jansson [6] shows that the
differences in the LTAS are due to the structures of the violins. Other
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factors like the acoustics of the recrding room and the individual
technique of the player can be ignored if appropriate methods are used.
Gabrielsson and Jansson [8] have analysed a numb'er of violins in this
way and were able to relate certain features of the LTAS to the quality
of the instruments. They were able to get a variance of 84% between the
objective features and the subjective assessments of the violins.
Jansson has continued his work on this theme, with his graduate
student Jesus Aloriso Moral [9). Using mainly input admittance
measurements, they found 4 acoustic parameters which correlated well
with subjective scoring.
L.A. Mal'gina and V.G. Porvenkov [10) have also worked on the
relation between physical measurements and subjective evaluations of
violins. Their treatment of the recordings, using pattern recognition
methods, is rigorous and they reach a variance of77% between subjective
and objective scores.
Meyer [11] has been working on the same problem with the guitar. He
uses the experimental techniques of SPL frequency response and third
octave analysis. He has determined 19 criteria for the quality rating of
guitars and was able to account for almost all of the varience in the
quality ratings. The most important criteria were the peak levels of the
second and third resonances of the soundboards and the Q-factors of the
first and third resonances. His plot showing the linear relation between
objective and subjective evaluations using the 19 criteria is shown in
Fig. 9.3.
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Not everybody is convinced by all this work. Gough [12], for
example, reviewing the book "The Fhysics of the Vicdin" by Lothar Cremer
had this to say:
"Cremer rn-kes no attempt to relate physical measurements to the
subjective assessment of a violin's quality. As he explains in
the preface, although modern science can provide a fairly
accurate description of the physics involved in producing sound,
we simply do not have the necessary language even to start to
try and to correlate them. This is a challenge which will
probably keep physicists, psychoacousticians, players and
instrument makersbusy for at least 150 years."
Hutchins offers an antithesis to Gough's statement. While reviewing
her work of the last 30 years, she wrote this:
"Now the work hasprogressed to the point where a good deal can
be said about the properties of the top and back plate... of a
violin before they are assembled into an instrument. Moreover it
is possible on the basis of these findings to construct violins
and other members of the violin family with consistently fine
tone and playing qualities."
Whether the first or second statements is appropriate for the
concert harp is the subject of this chapter.
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9j Exeriinental Procedura
9.3.1; The Harps and the Recordings
Tests were made on six harps of differing quality; a description of
each is given in Table 9.1. Their quality was judged by Mr Victor Salvi,
managing director and owner of the Salvi Harp organisation. The
recordings were made by Dr I.!'!. Firth at the home of the respective
owners, during the summer of 1984. For each recording, the harp was
positioned in the middle of a room. Microphones were placed at two
positions about the instrument, as shown in Fig.9.4:
1. O.5m from the base, in the plane of the strings, and at a
height of un.
2. im to the left of position 1.
In the last chapter, these positions were shown to be optimum for
recording the sound from the harp.
Each harpist played her own harp and played a series of slow scales,
at the rate of about one pluck per second. They played two scales in C
Flat and two scales in C natural. With the two microphones, there were
eight separate scales for each harp. It should be noted that, by playing
these two scales, the notes E and B are played twice as often as the
other notes in the octave, but the benefit of having twelve notes per
octave rather than seven compensates for this anomaly. Twelve notes per
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octave give a more accurate LTFT than seven notes, the term LTFT will be
explained in Section 9.3.2.
A potentially greater problem is posed because the recordings were
made in 'llve" rooms, rather than in either an anechoic chamber or a
reverberant room. In order to remove as much as possible of the room
acoustic, the microphones had to be placed within the room radius of the
instruments. The room radius of an instrument is the distance from the
instrument at which the direct sound form the instrument is equal to
reverberant sound field of the room. 1eyer[14] gives this formula for
room radius:
r = 0.057 x J, x (Vft60)
r
where r is the room radius (m)
V is the volume of the room (ni)
to is the reverberation time of the room (s)
J. is the directivity of the instrument (s/m)
The approximate vales of thevolume and reverbaration time of the
smallest room used was V47Om and tc,ls. Using these values in the
above formula gives:
r	 1.26 x J.
The lowest vaLue of the directivity factor of the harp is 2, the
value for a simple source standing on a floor. The room radius is thus
179
approximately 2.6m, Both microphones were within this distance. By
placing the microphone so close, they were also in the near field of the
radiation from the harps.
9.3.2 The Fourier An1ysis of the Recordijia
The first step in the analysis was to play the recordings of the
harps into a High Resolution Signal Analyser (B+K 2033) [15]. This
instrument has been described befare,in Section 7.3. and produces
Fourier Transforms of Incoming signals and can further be set to average
over a number of such transforms. If analysis Is made over the range
0-1 kHz the incoming signal is sampled every 0.4ms, and the Fourier
transform is determined after every 512 samples. The Long-Time Fourier
Transform (LTFT) appears as a 400 line image on a raster screen on the
signal analyser, a typical result Is shown In Fig.9.5,
The analysis was made in the range 0 to 1kHz because this was the
frequency range containing the gravest resonances of the harp (Bi, B2,
S(1,1)- to S(3,1). It is these resonances that can be distinguished
clearly and Neyer[1i] has shown that most of the important criteria for
the quality of the guitar were properties of the gravest modes of that
Instrument.
Although there is both an internal and external triggering mechanism
in the analyser, it was used in the untriggered mode. The possible
problem with using this mode is tht a peak in the incoming signal
corresponding to a harp string being plucked, could occur between
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samples and be partially lost. To check for reproducibility in sampling,
the same sugnal was sent into the analyser twice. The , difference between
the two LTFTs of the same recording over the 400 lines was (0.20,B)dB.
This mean value is close to the anticipated error of the averaging
process, which is given as 0.27dB for the analyser at these settings.
The LTFT process Is thus reproducible.
Another potential problem was that it was possible that the signal
from one of the microphone positions could predominate in the averaging
process. To test for this, three LTFTs from the same harp were made,.
these being:
A: LTFT of the our scales from microphone 1
B: LTFT of the four scales from microphone 2
C: LTFT of the eight scales from both microphones
As before, the mean and standard deviations of the difference
between these three LTFTs was calculated. The important valpes were:
1.l3etween A and C, the difference was (2.0 ±3.0)dB.(A greater than C)
2.Between B and C, the difference was (-0.5 ±5.0)dB. (C greater than B)
Although the signals from microphone 1 are greater than those of
microphone 2, they do not completely determine the net LTFT. The signals
from microphone 2 must be included in the LTFT.
Firth(16] has shown that the LTFT of a played scale on a guitar
follows very closely to the input admittance of the instrument. The LTFT
has a complex structure, consisting of a series of sharp peaks dispersed
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throughout the frequency range. The next stage is to refine the LIFT to
produce the most important features which determine the quality of the
harps. Thre different methods were used :LTAS analysis, Intensity
Distribution analysis and Cepstrum analysis. Each of these will be
described in turn.
9.3:_L1LI&S AnaLysi
The first method in refining the information contained in the LTFT
is the Long-Time-Average-Spectra (LTAS). Jansson (4] defines the LTAS as
a filtered power spectrum. For this thesis, the definition is slightly
different, the LTAS being a series of Bark band SPL measurements. The
frequencies and bandwidths used are shown in Table.9.2.
The High Resolution Signal Analyser (B+K 2033), used to make the LIFT
is connected to a Cronienco computer and data can be transferred between
the two. The LTFT, which is shoWn as 400 levels in the raster screen of
the Signal Analyser is also strored as a matrix of 400 values In the
memory of the Analyser. The matrices generated for each of the harps
were transferred to the Crontenco for processing and storage. A simple
computer programme calculated the total values of the SPL in each Bark
from the values In the matrices.
The LTAS for the different harps are shown in Fig.9.6. All the LTAS
traces show roughly the same pattern: the signal rising to a maxima at
Bark 2 or 3, then gradually falling at higher Bark settings. Statistical
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analysis on these plots, to distinguish the characteristics of the
preferred harps is described below, in Section 9.4.
9.3.4: Acoustical Intensity Distribution Plots
It was Christensen [17] who proposed that acoustical distribution
plots showed significant information about the instruments under
analysis.
The theory for this technique Is simple. The intensity Fourier
transform is calculated for the LTFT, intensity being proportional to
the square of pressure. The intensity distribution 1(f) is defined as:
1(f)	
df/SS(f) df
where S(f) is the value of the intensity at frequency f.
The intensity distribution function at frequency f is the fraction
of the total intensity that occurs below this frequency. Christensen
shows that sharp rises in the plots of the intensity distribution of a
played instrument are due to contributions from resonances of the
particular instrument. Typical plots from Christensen's paper are shown
in Flg.9.7.
Christensen uses this technique to determine the intensity from the
resonances of the guitar, and cites a number of cases. There is one
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statement in Christensen's paper that must be considered in some detail;
he writes
"The major features of the ... distribution functions are
independant of the music played."
	 -
Considering Christensen's own results, given in Fig.9.8, this
statement is shown to be partially wrong. Granted that In each plot for
the same instrument there are sharp rises In the intensity distribution
plots at 225Hz and 445Hz, corresponding to soundbox resonances, but the
heights of these rises is different for each plot.
To compare the plots of two instruments playing , different pieces of
music would be unrewarding, as it could not determined which of the
features in the plots were due to the Instruments and which were due to
the music. If, as Christensen proposes, a comparison of intensity
distribution plots for different instruments can be made, a more rigous
experimental method is needed.
The same piece of music should be played on each instrument, and the
mierphones should be at the same relative position. Only then can
comparisons be made; this is what was done for this analysis. In this
analysis, the intensity distributions for each of the harps were
calcu]ated using a simple programme. The six plots are shown in Fig.9..
They all show the same basic features: a sharp rise at about 170-2lOHz
and there are further sharp rises at a number of other frequencies.
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Analysis of the plots to determine the features of preferred harps is
considered below.
9.3.4: Cepstrum Analysis and "Liftered" Spectra
The cepstruni analysis of signals and production of "Liftered"
spectra is gaining recognition as an extremely useful tool in acoustics,
with applications in many different fields notably seismology, machine
diagnostics and speech analysis. In this section, the cepstrum analysis
is applied to the recordings of the harps.A diagram showing the major
features of the process is shown in Fig.9.ii. As far as can be seen,
this is the first occasion that cepstrum techniques can be used in
stringed musical instrument acoustics.
The cepstrum exists in various forms, but all can be considered as a
spectrum of a logarithmic spectrum. The power cepstrum C(t), which is
used in this section is defined as the inverse transform of the
logarithm of the power spectrum, that is:
C(t) = F 1 {log P>(f)}
where P(f) = IF{f(t))12
P(f) is the power spectrum of the time signal f(t). The variable t
in C(t) has the dimensions of time but is referred to as "quefrency". A
high "quefrency" represents a rapid fluctuation in the original
spectrum: that Is small frequency spacings of major features In the
spectrum. A low "quefrency" represents slow fluctuations with frequency.
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It should be noted that quefrency has nothing to do with absolute
frequency, only with frequency spacings.
This particular application of the cepstrum involves the filtering
of the signal during processing. By removal of certain components in the
cepstrum, the technical term for this is "liftering", it is possible to
produce a simplified version of the original spectrum with only the
major information present.
Fig. 9. 10 shows an example of this, the diagram is taken form a B+K
technical report [17]. The first diagram shows a typical spectrum of a
spoken vowel. This spectrum shows a large number of harmonics of the
voice pitch. which have been modified by the resonant forniants of the
vocal tract. The second diagram shows the cepstrum of the spectrum; this
has a very low quefrency component with further components at 6.6ms,
13.2ms and 19.8ms. By filtering out the high quefrency components and
transforming the cepstrum back into the time domain, the underlying
formants of the original spectrum can be clearly seen.
As was stated above, Firth [16] has shown that the LTFT of a played
scale on a guitar follows very closely to the input admittance of the
instrument. By liftering out the effects of the strings, the residual
LTFT of a harp is similar to the velocity spectrum of the same
instrument, as shown in Fig,9.12. This figure will be considered in more
detail below. The B+K Dual Channel Signal Analyser (B+K 2034) can
produce Liftered spectra almost automatically and it was this machine
that was used in this analysis.
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Very few things in this life are simple and the use of the cepstrum
in the analysis had its problems. The major difficulty was that the
rapidly varying parts of the spectrum, those due to the strings, were
nut harmonic, they were actually chromatic. This meant that there were
no sharp lines in the cepstrum to act as a measuring point for the
short-pass filter. In the range 0-800Hz, it was found that a short-pass
lifter setting of lOins, remove the effects of the strings and allowed
the information about the underlying structure, this being information
about the resonances of the harps, through,
To test this process, a LTFT of the harp used in Chapters 7 and 8 of
this thesis was made and the liftered cepstruin produced by the Dual
Channel Analyser. This was then compared with a velocity spectrum of
the same harp. Both oi these plots are shown in Flg.9.12. The number and
frequencies of the resonant peaks on each plot are similar, The main
difference is that the two sharp resonances at 100Hz and 130Hz, which
are the resonant frequencies of the whole body modes (Bi,and B2)of this
harp have such sharp profiles that they have been "liftered" out. The
absence of some peaks on the velocity transform, when compard with the
liftered spectrum indicate nodes. Taking the first 8 resonances of each
of the plots, and ignoring the whole body modes, the frequencies on each
of the plots agreed to (33 Hz). The liftering of LTFTS is thus a useful
method of processing the data to obtain information about the resonances
of the soundbox of a harp.
The LTFTs of the six harps were thus "liftered" with the short-pass
filter being set at lOins. The six liftered spectra are shown In
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Fig.9.13. Statistical analysis of these spectra to show the
characteristics of the preferred harps is given in the next section.
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Having now refined the LTFTs In three different methods, we can
proceed to the statistical correlation of physical properties and the
quality of preferred harps.
Spearinan's rank correlation r f or two variables ranked on an
ordinal scale Is used. This is defined by:
r, = 1 - I ( 6 x d:2 )/ (
where n is the sample size and d Is the difference between paired
ranks. The significance of this correlation may be assessed by
converting ri,, Into a calculated-t statistic using the forula:
t = r x C (n-2) / (1-r)]
This calculated t statistic can be compared against a tabulated t
statistic using a one-tailed test with (n-2) degrees of freedom. For a
90% confidence level that any observed correlation represents an actual
rathek' than a chance relationship, the value of t in this case Is
t=i.533 and the value of r at this value of t is 0,608. Thus, only
correlations with coefficient values over 0.608 should be regarded as
significant.
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The correlation coefficients against quality rating were calculated
for the following terms:
A. the SPL In each Bark
B. the difference in SPL between adjacent Barks
C. The average and standard deviation of the differences in SPL
between adjacent Barks over two different ranges:
1.over Barks 1,2,3
2,over Barks 4,5,6,7,8
The values ofeach correlation coeffecient Is given in Table 9.3.
Only one significant correlation is seen; that for the standard
deviation of the average size of the SPL step between adjacent Barks
over the range Bark 4-8. A high value of this standard deviation is
indicative of a preferred harp. The physical significance of this
correlation can be described wi.th
 reference to the LTAS plots In
Fig. 9.6.
For the three worst harps (NB, DB and JP), there Is a continual drop
In SFL over the range Barks 4-8. On the three better harps (AR, SW1,
SW2) there is one increase in SPL over the same range. Such an increase
would make for the large value of the standard deviation under
consideration. Thus the better harps have an Increase In SPL level at
either Bark 7 or 8.
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The analysis of the Cumulative Intensity graphs was approached in
two different directions:
1. The analysis of the graphs in 100Hz sections
2. The analysis of the frequencies and sJzes of the largest
steps In the graphs.
The analysis of the graphs in 100Hz sections will be dealt with
first. The correlation coeffecients against quality rating were
calculated on:
A: the percentage of cumulative intensity (%CI) In each section
B: the %CI of neighbouring pairs of sections
C: the %CI of neighbouring triplets of sections
D: the change in %CI between neighbouring pairs
The values of the correlation coeffecients are shown in Table 9.4.
There are a number of significant correlations seen. There Is a
significant correlation between the %CI in the range (900-1000Hz) and
the quality rating of the harp. This is accompanied by a further
significant correlation in the change in %CI between (800-900)Hz and
(900-l000Hz).The better harps have a larger change between (900-
1000)Hz, compared with the change between (800-900)Hz. There is a
similar correlation In change of %CI between (500-600)Hz and (600-
700) Hz.
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The analysis of the frequencies and sizes of the largest steps in
the %CI graphs were also considered. The five largest steps over a
bandwidth of 20Hz were determined; these were numbered and their
frequencies and 'XCI listed in Table9.5, The correlation coeffecients
with the quality ratings were calculated for:
A: the frequencies of the steps
B: the frequency separation of the steps
C: the average value and standard deviation of the frequency
separations of the steps
The values of the correlation coeffecients are listed in Table 9.6.
There are three ignificaiit correlations:
1. The negative correlations for the frequency of the first three
major steps indicate that the better harps have low frequency values for
the major CI steps.
2.Tbere is also a significant correlation between the quality
ratings and the frequency of the fifth major step. This lndicates that
the better harps have a major step at comparatively high frequencies.
3. If the better harps are going to have major steps In CI at both
low and high frequencies, as l.and 2. indicate, then the frequency
separations between steps for the better harp is going to be large. This
Is in fact the case: the size of the average frequencies between steps
correlates well with the quality rating of the harps.
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Statistical analysis of the liftered spectra was applied to the
peaks on the liftered spectra. The first four peaks on each of the
spectra is numbered, see Fig.9.13. These peaks are all in the range 180-
560Hz. The correlation coeffeclents with the quality ratings were
calculated for:
A: the frequencies of the peaks
B: the heights of the peaks, measured from the base of the peaks
C: the levels of the peaks, compared with the first peak
The correlation coeffecients are shown in Fig. 9. 7.
No significant correlation can be found between the quality rating
and the peak frequencies. There are two significant correlations between
N
the heights of the peaks and the quality of the harps:
1. The better harps have a large first peak height
2. The better harps have a small third peak height
9:_Coulusions_nc1 Summcu.
There are significant correlations between certain features in the
sound radiated from the harps and their quality ratings. These
featutes can be related to the vibrational modes of the completed,
strung harps.
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The CI analysis shows that the instruments have a strong SPL In the
range (900-1000 Hz) and ,by inference, in the range (500-600 Hz). The
soundbox resonances of the harps In these frequency ranges are not
known, but examination of the mode of the soundbox in Chapter 7 suggests
that the modes should include S(l,8) and S(1,5). The challenge to future
researchers is given: to investigate the correlation between the
activities of the S(l,5) and S(l,8) modes on a number of harps and the
rated quality of these harps.
The CI analysis also shows that the better harps have a major step
In %CI at low frequencies. These frequencIes are lower than the first
major peaks in the Liftered spectra, which are themselves due to the
S(i,1) modes of the harps. This was established with the work on the
test harp in 9.3. Thus better harps have a significant resonance below
the first soundbox modes, and the only possibilities are the whole body
modes (Bi and B2), Better harps have a strong active whole body modes
which assists in the radiation of the bass strings.
The liftered spectra shows that the better harps have a large first
peak height. This peak on the liftered spectra is due to the action of
the S(l,l) modes. The better harps thus have strong S(i,i) modes. The
precise frequencies of these modes (and the liftered spectra peaks) does
not appear to be significant.
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To sunmiarise the findings:
1. The better harps have high SPL in the ranges 500-600Hz and 900-
1000Hz. It is proposed(but not proved) that the S(1,5) and 5(1,8) modes
are participants in this radiation.
2. The better harps have active whole body modes, which participate in
the radiation of bass frequencies.
3. The better harps have strong fundamental soundbox modes (the S(1,1)
modes) but the exact frequencies of these modes is notfound to be
significant. On the six harps, the modes were in the range 180-230Hz.
These three conclusions will be used In the last chapter(Chapter 10)
of this thesis to suggest design Improvements for the concert harp.
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iLJ.:__The.Analysed Har
Make	 Iumber	 Age	 Owner	 Code	 Quality
Rating
MR
	
6
SW'
	
5
SW2
	
4
143
	
3
DB
	
2
JP
	
1
Lyon and Healy(23) 3211
Hungatter
Hungatter
Lyon and Healy(1!5) 2928
Lyon and Healy(23) 5281
Blysian(92)	 1037
50 yrs
5 yrs
5 yrs
50 yrs
25 yrs
5 yrs
H. Robles
S. Wi111ans
S. Williams
Ms. Birdsong
D, Beaumont
Ms. Birdsong
Table .9.2 The Critical Bands for LtAS Analysis
Critical Band(Bark)
1
2
3
4
5
6
7
8
Centre Prequency(LLz)
50
150
250
350
450
570
700
840
Bandwidth (Liz)
-100
100
100
100
110
120
140
150
12
3
4
5
6
7
8
-0.06
0.40
0.00
0.1.7
0.17
-0.11
-0.57
0.17
-0.03
-0.42
0.31
0.71
0.14
0.40
0.14
-0.37
-0.34
-0.14
-0.54
Table	 Th Correlation betweenQuality Rating
and SPL Values for each'Bark in the LTAS Plots
Bark No.	 Value	 Step	 Average	 Standard Deviation
Step	 of Steps
Table .9.4	 -
Correlat:ion between Quality Ratinc and %CI in 100hz Rancies
Rance	 Correlation	 Correlation	 Correlation	 Correlation
(xlOOflz) with value 	 with nairs	 with triplets with steps
	
0-1	 0.01
	
0.48	 0.48
	
1-2	 0.48
	
0.29	 0.03
	
2-3	 -0.31	 0.29
	
0.03	 o.i4
	3-4	 -0.08	 -0.09
	
0.03	 -0.17
4-S	 0.08	 0.03
	
-0.03	 -0.03
	
5-6	 0.40	 0.20
	
-0.42	 0.80
	
6-7	
-0.51	 0.23
	
-0.46	 -0.11
	
7-8	 -0.34	 -0.43
	
-0.26	 -0.31
	
8-9	
-0.25	 -0.23
	
0.46	 0.80
	
9-10	 0.68	 -0.11
Table .9.5
Frequencies and %CI of Five Major Steos in Each CI Plot
Harp : MR
	 Harp : SW1	 Harp : SW2
No	 Freq	 %CI	 No	 Freq	 %CI	 No	 Freq	 %CI
1	 146	 4.7	 1	 170 11.3	 1	 67 - 8.0
2	 167 15.6	 2	 186	 6.6	 2	 186 12.2
3	 185 16.5	 3	 220 37.7	 3	 211 42.1
4	 436	 4.7	 4	 256	 4.7	 4	 230	 5.6
5	 486	 7.5	 5	 330 11.7	 5	 326	 5.2
Harp : MB
No	 Freq	 %CI
I	 190	 14.1
2
	
210	 16.5
3
	
250	 26.5
4
	
290	 4.7
5
	
330	 5.2
Flarp:DB
No	 Freq	 %CI
1.	 170	 13.2
2	 187	 23.6
3	 210	 7.0
4	 240	 6.1
5	 486	 5.1
llarp:JP
	
No	 Freq	 %CI
	
1	 190	 11.3
	
2	 210	 13.7
	
3	 264	 9.9
	
4	 283	 10.4
	
5	 320	 9.5
0.65 0.28
0.370.08
1
2
3
4
5
0.57
0.37
0.57
-0.71
0.26
-0.28
-0.60
0.54
0.85
Table 9.6
Correlation between Quality Rating and Frequencies
of Major Steps in Cumulative Intensity Plots -
Step No	 Freq	 Separation.	 Average	 Standard Deviation
Separation	 of Separations
1
2
3
4
5
-0.71
-0.65
-0.88
-0.26
0.62
0.08
-0.60
-0.20
-0.20
Correlation Between Quality Rating and %CI of
Major Steps in Cumulative Intensity Plots
Step No
	
Value	 Difference	 Avera g e	 Standard Deviation
Difference	 of Difference
(table 9.8
Correlatthn between Quality Rating and Frequency
Of the Major Formants in The Liftered Spectra of the Harps
Formant No.	 Freq	 Separation	 Average	 Standard Deviation
Separation	 ofSeparation
1	 -0.06
0.57
2	 -0.14
-0.09	 -0.54	 0.34
3	 -0.17
0.57
4	 -0.48
Correlation between Quality Ratin g and Formant Rise
Of the Major Formants in the Liftered Spectra of the Harps
Formant No.
	 Value	 Difference	 Average	 Standard Deviation
Value	 of Value
1
2
3
4
0.65
0.26
0.40
0.75
-0.63
0.60
0.10
0.85	 0.17
Correlation Between Quality Rating and Formant Peak Level
(compared with the First Major Formant) of the Major Formants
in the Liftered Spectra of the Analysed Harps
Formant No.	 Difference	 Average	 Standard Deviation
Difference	 of Difference
2
	
0.37
3
	
0.31	 -0.08	 -0.14
4
	
0.09
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	F1g96	 LTAS of the orxiLysed harps
Harp MR
	 Harp SW1
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This concluding chapter will sunimarise the niajor results of the
previous chapters. This information will then be used to.reccnurnend
suitable topics for future acoustical research and to recommend methods
to improve the Salvi "Orchestra" concert harp.
The chapter is laid out as follows:
10.2: A sununary of the acoustical information on the "Orchestra" harp
10,3: RecommendatIons for future research
10.4: RecommendatIons for Improving the "Orchestra" harp
10.5: References
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1O,2 A Summary of the Acoustical Information on the "Orchestra" Harp
The previous seven chapters contain a large amount of information on
the "Orchestra" concert harp and it is useful to collate it all in one
section.
The vibrational modes of the free soundboard have been analysed in
some detail. The modes can be categorised according to Waller indices
into the following groups: the (O,n), (1,n), (2,n) and (3,n) groups. The
frequecies of the (O,n)modes on the spruce plate of the soundboard,
without any bars, follow the same frequency relation as a bar of the
same length. One curious result is that the (1,n) modes of the
soundboard can be harmonic, this result has not been explained by
theoretical analysis. It is further unlikely that such a harmonic group
of these modescan be used as a guide in tuning the soundboards. The
(2,n) modal family of the soundboard have similar shapes to the modes
of the completed soundbox.
There are also resonances of the internal air volume in the
soundbox. Tests on a rigid soundbox show that there are both a Helniholtz
resonance and higher-order air modes. The characteristics of both forms
of air mode are affected by the action of the open apertures at the back
and base of the soundbox. The Helniholtzian air mode occurs at 190Hz on
the rigid soundbox and it can be theoretically model using an elliptical
substitution for the apertures. The aperture at the treble end of the
soundbox (Aperture No.5) has been shown to be inactive with respect to
the Helmholtzian air mode.
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The vibrational modes of the completed soundbox have been analysed
using both holographic interferonietry, Chladni glitter pattern method
and input admittance measurements. The modes of the soundbox are defined
according to Richardson's notation and can be categorised into the
following groups: S(1,n), S(2,n) and S(3,n), the S standing for
Soundbox, The }lelmholtzian air mode and the first soundboard mode oti the
soundbox couple and the resulting resonant niodes ct the soundbox have
been described. There is also evidence for the coupling of the
soundboard modes with other higher order air modes. In all, some 17
different modes have been identif led in the frequency range 100-1000Hz
and all but one have been identified, There is also an Interesting
feature in that one of the soundboxes has resonant modes which follow
the same frequency sequence as that of an Isotropic rectangular plate.
This curiosity has not been confirmed on ther soundboxes.
The vibrations of a completed, strung harp have been analysed. The
majority of the resonant niode on the harp are confined to the action of
the soundbox, though the tension of the strings affect the activity of
the resonant modes. The input admittance profile of the harp has been
confirmed with the SFL profile; for the gravest modes the Input
admittance and the SFL plots have the same profiles. There are also two
whole-body mode on the completed, strung harp and their resonant
profiles have been reported. The response of the harp over all the
useful1
 frequency range (50Hz to 10kHz) has also been shown. The Input
admit1ance and SFL at the string positions have been given. The harp has
been shown to be a very poor radiator of vibrations with frequencies
below those of the first soundbox modes.
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The directivity f the same harp has been analysed and the
instrument is found to be quite directional at high frequencies. The
principal areas of radiation have been established by putting the harp
in three different orientations.
The ninth chapter describes three different methods of analysing
the recordings of six different concert harps (none of them Salvi
harps). Certain features in the recordings can he significantly
correlated with the subjective assessment of the harps: notably the
action of any whole body modes and the activity of the first soundbox
modes. It is the purpose of the third section of this chapter to use
this information in suggesting improvements for the concert harp.
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Any scientific analysis never really finishes because if one
questi on is answered then two new questions arise of out of the answer.
The work reported in this thesis has provided much information about the
acoustics of the Salvi "Orchestra 11 , and by inference about concert harps
In general, but there are an infinite number of other questions awaiting
attention. In this section, some of the principal research topics worthy
of consideration will be described.
Analysis of the vibrations of the soundboard, both in the free state
and as part of the ' completed soundbox, has produced some curious modal
frequency relationships. The (l,n) modes on the isolated soundboard can
be harmonically related and although these modes are not useful
indicators of the action of the completed harp, this strange harmonicity
is enigmatic. Furthermore, for the one soundbox analysed by holographic
Interferonietry, the resonant modes are shown to be in the same frequency
relation as that of an isotropic rectangular plate. These strange
effects can not be explained by reference to simple theoretical models,
isotropic rectangle, orthotropic rectangular plate etc.
The finite element analysis technique has been used by Schwabtl]
and, more recently Richardson and Roberts (2,3], to investigate the
resonnnt modes of the guitar top plate, both in the free state and when
clamped to a rigid base. The method requires the theoretical analysis of
the plate by considering it as a mesh of interconnected elements, each
with a certain mass and stiffness eleinent.They reported good comparison
20].
between the calculated modes and the actual modes of the guitar top
plate. If the use of the finite element analysis technique was applied
ot that of the soundboard, this could provide an explanation for the
strange effects described in the previous paragraph. It should be noted
that this technique could not be directly applied to the-soundboard when
clamped to the soundbox as the graver modes of the soundboard on the
box have been shown to be modes of the entire box and not simply modes
of the clamped board. However, the finite element method offers the
possibility of answering many questions about the vibration of the
soundboard.
Xany researchers have analysed the changes In vibration profile due
to changes of the structure on various instruments. Hutchin's work on
the violin plates Is the primary example of this [5]. Meyer's work on
the guitar has also examined the effects of changing many of the
constituent parts of the guitar [6]. He ws further able to relate the
structural changes to subjective opinions of the Instruments.
There has been work published [7,8] on the change of harp soundboard
modes with changes in the structure of the board. The width of the
soundboards and the thickness of the boards have been particularly
considered. This work Is not included in this thesis because it was
subsequently found that the supposively rigid jig that was holding the
soundboards was In fact resonant and the jig resonances were coupling
with resonances of the soundboard.
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Despite this, It was clear that the resonances of the soundboard
were affected by the dimensions of the bcard. in order to get adequate
results, the work has to be repeated with the soundboards either on a
completely rigid jig or fixed to a soundbox. The latter is preferrable
as the effects to the graver soundbox modes can also monitored.
Attention should be given to the effects of the size of the straining
and central bars in particular as these bars provide most of the
strength of the board along Its length, the spruce in the plate of the
soundboard being comparatively weak across the grain.
One topic that has not been discussed at all in this thesis is the
interaction between string resonances and body resonances on the harp.
Gough (9] has produced a very good analysis of thisinteraction and
defines two forms of coupling: strong and weak. The effects of strong
coupling between a string and a resonance of the body can produce an
unpleasant and unsteady tone when the particular string is plucked. Two
harplets have reported effects on their Instruments which could be due
to this strong coupling[lO,i1]. According to one of the harpists, the
effect was so bad that it "drove her nuts" and she was forced to change
the particular string that was irritating her, Analysis of the
string/body coupling on the harp should consider these two questions in
particular:
1, What of the body modes are strongly coupled to the strings? Are
there ny body modes that are inadequately coupled to those of the
sti Ings?
2. Welnreich (121 has shown that adjacent strings on the piano
couple together and that this coupling effects the sounds from the
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instrument.Are the strings of the harp coupled together through the
action of the flexible soundboard?
The work of Chapter 9, dealing with attempts to correlate subjective
opinions with objective measurements was only partially productive as
only six harps were analysed and only one form of analysis was used.
Xeyer [13] has reported great success with similar work on the guitar,
only he conducted tests on 15 guitars, which were recorded in an
anechoic chamber and which were then considered by a large jury of
listeners. It is an interesting speculation whether similar tests on the
harp would be equally successful.
To conclude this section, the work reported , in this thesis has
described many different topics of the acoustics of the harp. There are
many other topics that could be usefully considered. I look forward to
reading of further work on the concert harp.
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10,4: Recommendations for Improving the "Orchestra" Harp
As a result of this thesis, there are three recommendations that can
be made for the improvement of the "Orchestra". These are:
1. The selection of the spruce for the plate of the soundboard
2. The retailing of the gut strings
3. Changing the frequency of the Helniholtzian air mode
10.4.1: The Selection of Soundboard Spruce
Appendix 1 of this thesis showed that the quality of a spruce sample
was inverely proportional to the density of the sample. (This material is
relagated to an appendix because it is not directly concerned with the
concert harp). The current method of inspecting spruce at the Salvi
factory is by visual inspection. It is recommended that acoustical
testing of the soundboard spruce should be be used in the selection of
soundboard wood. It is recognised that the various methods of testing
spruce- the first resonant mode of a thin bar and ultrasonic testing for
example- are unacceptably complicated for the staff on the shop floor.
It is thus recommended that simple density measurements are made on
small samples of spruce. The optimum samples will have the lowest values
of density. The question has been asked that, if density is the only
criterion why not just use balsa for the soundboard? The answer is that
I am not recommending a change of wood, I am merely saying that the best
samples of European Spruce are also -in general- the lightest.
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10.4,2: Tha Retailing of the Gut Striug
It is shown in Appendix 2 that the standard deviations of the
densities of the gut strings was as great as ±14% of the mean value. If
two strings with the same diameter have densities that differ by 28%,
the heavier string will require 28% greater tension to hold it at the
same pitch as the lighter. This increased tension will result in a
string with 28% less string feel: string feel being defined by Firth
[14] as:
String Feel	 (4 x String length)/( Tension of string)
Firth further states that string feel changes by a modest 11% to 25%
per octave which gives a comfortable working feel to the instrument.
But, if there are two adjacent strings with density values that differ
by 28% then there is going to be a large change in string feel between
the two and this will create an uncomfortable effect for the harpist.
It is thus proposed that Salvi harp strings should be marketed not
only by diameter as they are at present, but also by density or mass per
unit length. In this way, harpists can select their strings to have the
desired string feel on their harps.
10,4.3: Changing the Helmholtzian Air Frequency on the "Orchestra" Harp
A number of authors have proposed placement of the resonances of
musical instruments. In their opinions, the placement of such resonances
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leads to fine sounding instruments. Flg.i0.1 shows three examples of
resonant placement. Richardson [153 proposed that the air and first
three wood resonances of the guitar be placed at particular frequencies.
The placement of these resonances is shown in FiglO.1.1. This shows that
Richardson proposes the air mode (A) at about 90Hz 1 withthe three wood
resonances (Wi, W2, W3) be at 245Hz, 31Hz and 400Hz. The placement of
the wood resonances at these frequencies ensure that the resonances also
assist with the radiation of the first overtones of the A,D and G
strings and the positions of half of the frequencies of the three wood
resonances is marked Wi', W2' and W3'.
With the violin, Benade [16] has described how placing two of the
main resonance of the violin soundbox at the same frequencies of the
open D and A strings leads to a fine sounding Instrument: this is shown
in the second plot of FIg.10.1. The modes have been described and
designated A0 and Ti by Alonso I'toral [17].
With the treble viol, Agren[i8] has proposed that the first three
resonances of the treble viol be placed at frequencies close to the G,C
and E strings of this instrument.This is shown in the last figure of
Fig. 10.1.
The resonance placement found on the "Orchestra" harp is shown in
Fig. 10.2. The modes are designated according to the notation used in
Chapters 5,6 and 7. The resonances are fairly uniformly spaced in
frequencies along the range, except for a wide gap of some 9 seniItones
between B2 and S(1,1)-.
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Compared with the violin and guitar, the principal air resonance and
top plate resonance of the concert hare are very close in frequency. On
the violin the spacing between the Helinholtzian air mode and the first
top soundbox mode is some 7 semitones, while on Richardson's proposal
for the guitar it is nearly 1!7 semitones, more than an octave. On the
"Orchestra" harp examined, the spacing is only two semitones.
The gap mentioned above can be plugged by lowering the S(1,1)-
frequency by four semitones to 5th. D( 147Hz). This would give a more
even resonant frequency placement, with a gap of some 5 semitones
between B2 and S(1,1)- and a larger gap of 6 semtones between S(1,1)-
and S(1,1)+. It is likely that the frequency of the S(1,1)+ mode, being
coupled with the S(1,1)- , will also lower, but it is not possible to
calculate by how much.
The analysis of the information in Chapter 9 shows that the
placement of the S(1,1)- mode at this low frequency is advantageous. One
of the findings reported in Section 9.5. was that the better harps had
active whole body modes, which were lower than 180Hz. Although the two
whole-body modes on the "Orchestra" have been determined and have been
shown to particupate in the radiation of sound to a small extent, it is
not yet know how to alter the structure of the harp to make these modes
more radiative.
With the S(1,1)- mode at 147Hz, the mode will assist in the
radiation of sound at these low frequencies and assume the role of a
good whole body mode. Furthermore, as the 3(1,1)- mode is due to the
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interaction of the Helmholtzian air mode and the first soundboard
resonance and as the operation of the Helntholtzian mode is known in
great detail (see Section 4.2.) it is possible to determine exactly what
change to the apertures of the harp is required to place the S(1,1)-
mode at this low frequency.
As the Helntholtzian resonance is due to the action of five of the
six apertures, there are a large number of possible changes to the
apertures that could be made to place the Helntholtz frequency to 147Hz.
The simplest method would be to simply plug the Apertures Nos. 1 and 6.
This action has been calculated to produce a Helmholtzian air mode at
the desired frequency. This could be done by a simple wooden plug in
each aperture which could be removed should a string on the harp
required attention. It could even be done using masking tape.
There are a number of other possible aperture configurations that
could achieve the same Helniholtzian mode frequency. One would be to fit
small rings of wood, again removable, for the apertures of the soundbox
so that the effective total area of the apertures was reduced to the
point where the Helmholtzian air mode was at 147Hz.
The exact method of placing the S(1,1)- mode is left to the luthiers
and harpists who must chose the optimum method. They are reminded that
the method of elliptical substitution, as explained in Section 4.2,will
accurately predict the Helmholtzian mode frequencies.
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I look forward to the responses from harpists and luthiers who
experiment with placement of the S(1,1)- mode.
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Appendix 1: Acoustical Testlng oLpn Spruce
Ai.1: Statitical An&Ly j _of Acoustical Faramr.
It is widely recognised that certain acoustical parameters are
indicative of the suttability and quality of a sample of wood for use in
stringed musical Instrument construction. The density, Young's modulus,
velocity of sound and reciprocal damping are known to be important.
Ghelmeziu and BeldIe[l] and Dettloff [2] have reported correlations
between some of these parameters This appendix deals with an analysis
similar to Dettloff's, slight differences are found between the results
presented here and in Dettloff's work and some comments are made on the
testing and desirability of European Spruce for masical instruments.
Tests were conducted on samples of European Spruce (Picea Excelsa),
which had previously been stored at 15C and 50% relative humidity. The
technique used was the well-known "xylophone" test, which involves
determining the fundamental resonant frequency of a small, thin bar of
spruce. 25 bars were testing, 17 had the wood grain running along the
length of the bar, the remaining 8 had the grain running across the
length of the bar. The subscript "1" ,f or longitudinal, wil refer to the
properties of the woods In the former case. The subscript "t", f or
transverse, will refer to the latter case.
Four acoustic parameters were determined for each bar: the density
(p), the Young's modulus (E), the velocity of sound in the wood along
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its major length (c) and the reciprocal damping (Q). The mean values and
standard deviations of these four parameters are shown in Table Al.1.
The Spearnian rank order correlation was then calculated for each of
the four parameters in both the longitudinal and transverse cases: the
correlation coeffeclents are given in Table Al.2. The significant
correlations, to a confidence level of 96%, are underlined.
• Both Ghelmeziu and Beldie [11 and Dettloff (2] have reported a
significant correlation between E1 and p, this is also found in this
analysis but the correlation value Is lower than in the other cases:
r 0.92 from Ghelineziu and Beldie, r= 0,7b from Dettloff, r 0.66 in
this case.
- As with Dettloff, no significant correlation is found between B and
p. E and c correlate In both the longitudinal and transverse cases.
This is hardly unexpected because E and C are iiot Independant parameters
as they are related by the equation:
E = p x c2
This being the case, there should also be a significant correlation
between c and p. However, no significant correlation was found;
Dettloff has also reported this curiousity.
Dettloff has reported a small but significant correlation between ci
and Q, this has not been found in this analysis. What has been found is
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a significant negative correlation correlation between Q and p which
Dettloff found when testing European Knple, but not with European
Spruce.
A figurative summary of Dettloff's results are shown in Fig. Al.l, a
similar summary of the results from this analysis is shown in the lower
diagram of Fig Al.l. Positive correlations are found between c and E1,
B1 and i and a negative correlation is found between pi.
There are three parameters that have been suggested by different
authors as indicators of the quality of a sample of wood. These are:
1. The Radiation rat*o CR) where
R=c/p
Ghelmeziu and Beldie give an explanation of this term [1]
-	 2. The Loudness Index (LI) where:
LI = C (R1 x Ft x Qi x Qt)/ (rZ)]
Haines [3] explains the signi±icance of this term.
In this analysis, as it was not known whether the longitudinal
and transverse samples came for the same source, a slightly
different definition is used here:
L = [(R x Q)/ it]
and there are two different cases of L: L1 and Lt.
3. Dettloff[2] gives a third term called the Utility (U),where:
U = it x LI
This term Is closely related to the Loudness Index.
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The correl.atjon coeffecients of R and L for both the transverse and
longitudinal sets with the original ± .sur parameters are given in Table
Al.3.
Dettloff reported good correlation between R and p, whJch is also
the case here, Only L correlates significantly with 	 Ldoes not.
The statistics suggest that one can gain valuable information about the
suitability o a particular wood sample, simply by weighing It. It could
thus be argued that the very complex machines used to test wood
suitability, ultrasonic generators, low impedence signal generators etc,
could be replaced by a weighing machine and a ruler,
Both Li and R1 correlate negatively with E1. This introduces a snag
In the selection of spruce for the harp. The optimum wood for the
soundboard will be comparatively weak. Given tMt the total tension of
the harp strings is nearly 1O,000N care must be taken that the finest
sounding harps do not crack under the stress.
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AL2: The Effect of a_Vjin_tAe Acoustic Paritrs of Wa.
There is a particular problem associated with the harp soundboard
which does not occur on many other musical instruments. As ws mentioned
above, the grain of the spruce of the soundboard runs across, rather
than along, the length of the board. Some manufacturers, including
Salvi, put a thin veneer (C. 1mm thick) of spruce onto the front of the
board. This veneer has Its grain running along the length of the board
and is an attractive feature for the instrument.
How does the veneer affect the physical properties of the soundboard?
To investigate this problem, tests were made an 8 veneered strips;
these are drawn In Fig. Al.2. Four blocks had the veneer grain parallel
to the major length of the block with the base wood grain transverse -
this is designated Vi. The other four had the reverse characteristics;
the veneer transverse and the base grain parallel - this Is designated
V2.The standard °xylophone" test was conducted, the values and standard
deviations of the results are shown in Fig.A1.3.
Given the acoustic parameters for longitudinally grained wood (p.,
E1, Q) and for transversely grained wood (pi, E, Qt) it Is possible to
calculate the expected values of these acoustic parameters of the
veneered blocks and to compare these values with the actual experimental
values.
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The formula used and the values gained are shown in Fig. Ai.4. The
calculated values and the experimental values agree within the standard
deviation of each result. The formulae for density and Young's modulus
are standard. The formula for- reciprocal damping is a. development of the
fact that the Q of a system is the ratio of the real and Imaginary parts
of the dynamic Young's modulus.
Comparing the values of Young's inoulus, the addition of a veneer
reduces the anisotropy of spruce.1?or unveneered spruce the ratio of the
Young's moduli across and along the grain is 1:16. With this thickness
of spruce (1mm of veneer on 6mm of substrate), the ratio of the
effective Young's modull becoies 1:4. If scientific methods are to be
applied In the selection of soundboard spruce then tests must also be
made on the veneer wood as this will affect the properties of the final
soundboard.
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Al .3: Q1jjt I ng on
This work was done on the request of the Salvi Harp oranisation.
Their production line used such a large amount of top quality spruce
that they had to use spruce form three different sources.The sources
were:
1. Val de Fieme (Italy)	 2. RumanIa	 3.Sweden
The selection of the desired woods Is made at the factory by sight:
a faint, closely spaced gralned being preferred. Although the selected
woods were usually of the same visual quality, it was widely felt that
the Italian wood made better sounding instruments. To test this
hypothesis, the standard sxylophoneu tests were conducted on 15 bars of
European Spruce; five blocks from each source, The Loudness Index L was
determined for each bar and the values are listed In Table Al.4. The
mean and standard deviations of the Loudness Indices was calculated;
these are listed in Table A1.5. Using a standard difference of means
test, the following hypotheses were found to be valid, to 95% confidence
levels:
1. The Italian spruce has a significantly higher value of L than the
Rumanian spruce.
2, The Italian spruce has a significantly higher value of L than the
Swedish spruce.
3.The Rumanian wood did not have a significantly higher value of L
than the Swedish spruce.
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The suspicions of the factory were confirmed. The Italian spruce was
more suitable for harp soundboards than the other two sources.
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c1
t
Q
Velocity
of Sound
Reciprocal
Damping
5341	 258 5
1321	 201
158	 15
35	 15
Table A1.l
The Values of the Physical Parameters of European Spruce
	
Variable	 Symbol	 Mean Value Standard	 Units
Deviation
	
Density	 421	 38	 kg/3
419	 14
It
Young s
	 12020	 1550	 - MegaPascals
Modulus
Et
	 741	 216
Table Al.2
CorTelation Coefficients Between the hysica1 Parameters
of European Spruce
1:Lateral Grainover 17 samoles)
1.000
Q1 -0.513	 1.000
C 1 	 0.313	 0.124	 1.000
E 1
	0.660 
-0.125	 0.8O	 1.000
Cl	 C1
2:Transverse Grair (over 8 saiip1es)
1.000
	
-0.297	 1.000
c	 -0.506	 0.503	 1.000
Et -0.506	 0.503	 1.000	 1.000
C t	 E
Table Al.3
Correlation Coefficients of Radiation Ratio R and
Loudness Index L with Four Physical Parameters for Spruce
1:Lateral Grain (n=l7)
L 1	-0.446	 0.970
	
0.642;'
	 0.642
	
-0.877	 0.262
	
0.764
	
0.764
Cl	 B1
2:Transverse Grain (n8)
Lt	 -0.844	 0.844..	 -0.0S7	 -0.416
Rt	 -0.911	 0.518	 0.007	 -0.408
Pt	 Ct
Table A1.4
Loudness Index Values for Samples from Different Countries
Sample No.	 Country
	 Loudness Index
F 1
	
Italy
	 861
P2
	
Italy	 783
13
	
Italy
	 772
111
	
Rumatil a:	 736
SI
	
Sweden	 690
P4
	
Italy	 660
S2
	
Sweden
	 646
S3
	
Sweden
	 631
112
	
Rumania	 629
113
	
Ruinani a	 617
R4
	
Rumania	 599
PS
	
Italy	 579
S4
	
Sweden	 563
115
	
Rumani. a	 523
s5
	
Sw eden	 382
Table A1.5
Means and Standard Deviations of Loudness Index Values
Forthe Samples in Table Al.4
Sample size
Mean value
Standard -
Deviation
Italy	 Rumania
n=5	 n=5
L *731	 L =620
SD=99	 SD=68
Sweden
n= 5
L =582
SD=108
c'vi
V2
Evi
Units
ki'/ 3in
MepaPascals
2 Veneeral BLochs
1: LterQt gruined veneer cii trcinsverse gmird txise
2rmn-se yrcined veneer m Icifertil grained buse
Fi q Al.3 Values of Physical Parame
Variable	 Symbol
Density
Young' s
Mo du 1 us
Reciprocal
Damping
Mean Value	 Standard
Deviation
453	 10
446	 36
2021
	
510
9250
	
1090
48	 11
136
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l.4 Formulae used in Caluulation of Veneered BloOk parameters
a. Density
(?1x v1) +
	
x v)
/ +
= density of veneered block 	 volume of lateral wood. in
density of lateral wood -	 veneereci block
density of transverse wood 	 volume of transverse woodin vene.ered block
For the first case, lateral grained veneer on a transverse grained base,
the calculated value was (421 ± 41) ig/3
and the experimental value was (453 ± 10) k/3
For the second case, transverse grained veneer on a lateral grained base
the calculated value was (417 ± 41) 1c/3
and the experimental value was (446 ± 36) kg/3
b. Young's Modulus
= (E x
	 ) + (i x
V	
(A1+A)
Ev Young's modulus of veneered block
E1= Youngts modulus of lateral wood.
Young's modulus of transverse wood
Area of lateral wood in the veneered block
Area of transverse wood in the veneered block
For the first case, lateral grained veneer on a transverse grained ba
the calculated value was (2.19 ± 0 . 27) x	 Pa
and the experimental value was (2.02 ± 0 .51) x l0 Pa
For the second case, trarsverse grained veneer on a lateral grained ba
the calculated value was (10.5 ± 1.3) x 1O9 Pa
and the experimental value was (9.25 ± 1.09) x	 Pa
Al.4 (b
0. Reciprocal Danipi ng
The reciprooal damping of a block is given by
-
E1
where ER and. E1 are the real and imaginary parts of the
Young's modulus E.
The real and imaginary terms for lateral and transverse
wood can be caloulated from values of E 1
 ,E ,Q1
 ,Q•
These values can be used to calculate the real and imaginary
terms of the Young's modulus of the veneered block using the formula
given in b.
The real and. imaginary values of Young's modulus are then
used to calculate the reciprocal damping of the particular veneer.
For the first case, lateral grained veneer on a transverse grained base
the caloulnted value was (48 ± ii)
theexperimental value was (67 ± 37)
For the second. case transverse grained. veneer, on a lateral rained bas
the oaloulnted value was (136 ± 18)
the experimental value was (138 ± 27)
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Apnix
h1oductthn and Physical FropertiqsLut HaBtting.
A2. 1: Introductipji
As many as 35 strings on the concert harp can be of gut. itost
players still prefer gut strings on their harps, considering the tone of
such strings to be preferrable to the nylon alternatives. This is
despite the inherent problem that gut strings lose their pitch very
quickly with changes in temperature and humidity.
There is little modern published information about the physical
properties of musical instrument gut strings, usually called "catgut" in
physical constant textbooks. For example, the value of the Breaking
Stress of "catgut" as cited in Kaye and Laby [1] has remained unchanged
f or the last thirty years. Furthermore, there is no information
available about the variation of Breaking Stress with string diameter.
As there is a tieed for more information about gut strings, a number
of measurements have been made mi a large number (87) of gut strings,
all of Salvi. manufacture, with diameters ranging from 0.52mm to 2.51mm
The physical properties of gut, particularly the Breaking Stress, is
dependant not only on the source of the gut- be it ovine, feline or
bovine- and on the place of origin, but also on the manufacturing
process. This is especially the case if the processing includes a
"vulcanisation" technique to strengthen the gut strings, in much the
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same way as natural rubber can be strengtened. As the production
process is such an important feature in determining the final physical
properties of the gut, the Salvi production process, which does not use
a vulcanisation technique, is described in Section A2.2. The tests
conducted on the strings are described in Section A2.3. In the
conclusion, some remarks are made on the gut stringing of the harp.
A2,2: Gut String Production
Although the manufacturing techniques in the production of gut
strings have become increasingly sophisticated over the centuries, the
basic objectives have remained unaltered: this is to produce a strong
string made from helically twisted intestinal muscle. This section will
describe the current techniques employed at the Salvi string factory at
St Croix, Yverdon Switzerland.
Only bovine intestines are now used: the factory being supplied from
abattoirs in America and Argentina. The intestine wall is composed of
three layers, with the useful muscular fibres being sandwiched between
two layers of unwanted fatty mucous. While still warm, as much of such
fat as possible is scraped away. The remaining long tubes of fibre are
then packed into drums of preserving brine for shipment to St Croix.
On arrival at the factory, the brine is drained form the drums and
the gut is washed in a strong industrial detergent. It is then unpacked
and laid along long tables for "splitting". This is the process of
separating individual fibres, each about 1mm in diameter, from the
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muscular tubing. This is done by hand, or rther by fingernail, and weak
or uneven fibres are rejected at this stage. The acceptable fibres are
then sorted into loose bundles, the number of fibres in a particular
bundle depending on the required diameter of the finished string. Far
the thinnest harp string (0th, G: 0.52mm) five fibres are used whereas
for the thickest string (Sth.F: 2.53mm) some 52 fibres are required.
The fibre bUndles are then placed in a large agitation tank and
given a second washing in detergent. There may still be traces of fat
remaining on the fibres so after being rinsed in water, the fibres are
treated with a strong solution of caustic soda to try to dissolve away
such fat. Nuch gas,is released from the tanks at this stage.
After some hours, hydrogen perioxide is added to the agitation tank.
This has the dual effect of halting the action of the alkali and also
bleaching the fibres. After " further rinse in water, the fibres are
dyed with a tanning agent. Usually the strings are dyed uchre, though-
by convention- the C strings are coloured ted and the F strings are
coloured black.
The next stage in the production is to spin the bundles of fibres
Into one composite string. This Is done on a large (7m) frame. The fibre
bundles are attached to fixed hooks at one end of the frame. The other
ends are attached to rotating hooks at the other end of the frame. The
hooks are driven by an electric motor and the fibres are spun very
rapidly so as to produce uniform twisting along their entire lengths.
The St Croix factory strives for a helical angle between 20 and 25.
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After spinning, the wet strings are stretched out on a frame in a
drying chamber. This sealed room is kept at a constant temperature but
tbe relative humidity of the room is gradually reduced from 80% to 30%.
This reduction in humidity dries the strings arid, as they contract as
they dry, the strings are slightly unwound to maintain the helical
angle.
After 24 hours in the drying chamber, the strings are quite dry.
Although they were opaque when wet, the strings are now translucent. Any
remaining fat, if any, shows up as a white helical line inside the
string, Such fat apart from being unsightly, also weakens the string
and creates an inhomogeneity which can severely affect the vibrations
of the taught string. As the surfaces of the strings are still rough,
they are smoothed using a centre-less grinding technique. In this
technique, the strings are propelled between two rotating carborundum
discs. There is a demanding tolerance limit; the diameter of a string
must not vary by more than 0.1mm along its length. The strings are then
given a light coating of varnish, then cut to retail length, packaged
and dispatched.
A2i_the PbyslcaLi'roperties of Gut Strlrtga
A2.3.T1: Diameter, Density and Twist Ratio
The first tests conducted were to accuratley measure the diameters,
densities and twist ratios of the strings. Diameter and density are well
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known features, but twist ratio requires a little explanation. The
string Is made from a number of fibres twisted together and any one
fibre lies in a helical line along, the composite string. The twist ratio
Is the ratio of the helical period to string diameter. The results for
all the strings are listed in Table ,A2.1.
It can be seen from the figures that the manufacturer manages to
keep the string diameters to within the tolerance limitof ±0.1mm. This
is a good indication of the rigorous production method. The densities of
the strings vary to a much greater extent: the standard deviation of tbe
figures for each diameter in Table A2.1 is 14% of the mean value, This
large standard deviation is not surprising as intestine Is as individual
as wood and as the selection of gut is made by sight alone.
Not every string has a twist ratio value given in the table. This Is
because measurement must be made on an Individual helical fibre or, if
possible, on helical line of fat.- The individual fibres In the 0.52mm
string could not be distinguished so measurement of the helical pitch
could be made, For the 3rd F and 4th C strings, the strings are dyed to
a dark colour and the individual fibres in these strings cannot be seen.
A2.3.2: Breaking Stress and Young's Modulus
Th Breaking Stress and the Young's modulus of the gut strings was
measured using a 1onanto Tensometer. This machine slowly exerts an
increasing force on the mounted string, the tension on the string and
the extension of the string being recorded semi-automatically during
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testing. The gut strings were held by special wide chucks during testing
to ensure that the weakest point of the string was between the chucks
and not at the holding points. The rheological nature of such testing is
important as a string brought to tension slowly will generally withstand
a greater tension than a similar string put under tension rapidly. These
tests were conducted with the tension increasing at a rate of, at most,
5ON per minute.
The results are listed in TableA2.2 and plots of Breaking Stress
against diameter and Young's modulus are shown in Figs.A2,1 and A2.2.
The literature values of these parameters, as given by two authors, is
also shown in the plots.
Strings with diameters less than 1.5mm are stronger than Kaye and
Labyti] would predict: this Is the case for the first 26 strings on the
harp. Only strings with diameters greater than 1.5mm are weaker than the
Kaye and Laby value, this is only applicable for the 9 thickest strings
of the harp. It is well known that for wire and nylon strings, the
thinner strings tend to have greater values of Breaking Stress than the
thicker ones. This is due to the manufacturing process, where the wire
or nylon is drawn or extruded through a die, thus producing a stronger
outer layer,or "skin", where the material has been subjected to greater
microscopic alignment 12]. This skin represents a greater fraction of
the qross-section atea of the thinner strings, giving them a greater
breaking stress. At first sight, this should not be the case for gut
strings as no die is used in the manufacturing process. Indeed, it could
be expected that the thinner gut strings to be weaker than the thicker,
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because the effects of the centre-less grinding would break a greater
fraction of the fibres in the strings. The results do not indicate this
the thinner gut strings have a larger Breaking Stress than the thicker
strings. The reason for this is not known, but it could be thatthe
varnish strengthens the surface of the strings.
The Young's Hodulus values of the strings is close to the Kaye and
Laby value,Only the thinnest strings 1 diameter less than 075inm, have a
greater value than the Kaye and Laby citing.
Both the values of the Breaking Stress and Young's modulus have
large standard deviations, upto 20% of the mean values. Such large
standard deviations also indicate the individuality of intestinal
muscle.
A2.3 : The Breaking Stress on the "Harm
Abbot and Segerman [2] have pointed out that the clamping conditions
of a string can greatly reduce the Breaking Stress of the string. There
is no accurate value on the loss of Breaking Stress of gut strings due
to the holding conditions of the harp. Td determine this loss, two
special chucks were built for the tensometer to reproduce the holding
condl.tions of the harp. These are illustrated in Fig.A2.3: the first
chuck reproducing the bending of the string at the soundboard and the
second chuck reproducing the bending of the string at the bridge pin.
The value of the Breaking Stresses under these conditions and the
fractional Breaking Stress Z, being the ratio between the Breaking
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Stress of gut strings on the "harp" and the Breaking Stress of gut, are
shown in Table A2,3. In almost every case, the string broke at the
"soundboard" chuck. Abbot and Segerman [2] suggest a reason for this.
When the string passes out of the "soundboard" chuck, the bend in the
string sets up an abnormally large stress on the outside of the bend
where the string is most stretched. If a point on the outside of the
bend attains breaking stress, a crack will spread from the high stress
point and the string wil rupture.
As was the case with the previous tests, the thin strings have a
higher value of Breaking Stress than the thicker strings. Thicker
strings do have a larger value of Z than the thinner strings.
ALAiConc 1 U
As a result of these tests there is now accurate Information about
the Breaking Stress, Young's mddulus and density of Salvi gut strings.
There is also information on the efffect of the holding condition of the
soundboard on the Breaking Stress of the sane strings.Xost of the
results for density, Young's modulus or Breaking Stress have large
standard deviations that gut is a very individual material.
ig.A2.4 shows plots of the breaking tensions of gut strings,
breaking tensions of gut strings on the harp and the actual tensions of
the gut strings on the instrument. It can be seen that the 0th and 1st
octave strings are at a tension close to the breaking tension and indeed
these strings di break with extreme ease on the harp. On the other hand,
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the thickest strings are at a comparatively low fraction of the breaking
tension and indeed these tend to wear out at the plucking position.
A2,5 References
1, G Kays et al "Tablesof Physical and Chemical Constants" Longman
(1975)
2. D Abbot et al "Strings in the 16th and 17th Centuries" Galpin Soc
3 27 48-74 (1974)
also correction Galpin Soc 3 27 134 (1975)
Table A2.l
he Physical Properties of Salvi c1i Harp Strings
String and	 Numbrpf	 Diameter	 Density	 Twist Ratio
String No.	 Strings tested (and SD) 	 K10 kg/13
0th G 00
nd B 11
rd E 15
3rd F 21
4th C 24
th D 30
th A 33
th G 34
mm
	
10	 0.52(0.005)
	
16	 0.81(0.005)
	
8	 1.00(0.02)
	
16	 1.27(0.01)
	
13	 1.49(0.01)
	
.4	 1.99(0.01)
	
11	 2.35(0.02)
	
9	 2.51(0.05)
1.22
	
1.47	 7.0
	
1.78	 8.6
1.34
1.36
	
1.18	 6.5
	
1.68	 5.6
	
1.48	 6.2
Table A2.2
he Breakirg Stresses and Young's Modulus of Gut Strings
String and Number of 	 iameter Breaking 	 Young's
String No. strings tested	 (mm)	 Sres(+SD) Moduus
(xlO N/rn2) (xlO N/rn2)
9
8
8
8
8
3
5
5
0th G 00
2nd B 11
3rd B 15
3rd F 21
4th C 24
5th D 30
5th A 33
5th G 34
0.52
0.81
1.00
1.27
1.49
1.99
2.35
2.51
7,22(0.86)
6.21(0.25)
4.78(0.51)
4.88(0.31)
6, 86 (0. 27)
3, 66 (0. 23)
2.99(0.06)
2.41(0.48)
4.47(0.62)
3.50(0.l4)
2.83(0.28)
2.86(0.32)
3.43(0.32)
3. 39 (0. 65)
2.52(0.31)
2 .07 (0. 20)
Agire A2.1
	 I9gire A2.2
10	 5.0
+thlytU
Z	 I
x	 I
I2flSc2J	 -
10	 21'	 3.0	
OG	 10	 20	 30
	
String Diameter (mm)	 String Diameter (mm)
	
Plot of Breaking Stress against dEimeter
	
Plot of Youngs Moduk against diameter
for cpjt strings	 fr gut Sirings
Litetihvulues Qj IflC1CUtj	 Literature nlue s indicated
by brthen Lines	 by broken bnes
_J__, - -
-.
4-
Chuck Ia repmduce berdig
of string at bridge pin
Chuck to reproduce bending of
string at scxindboard
-----I
	
-'I
1
.1.
1
8
8
5
1
6
4
0th G 00
2nd B 11
3rd F 21
4th C 24
5th D 30
5th A 33
5th G 35
0.52
0.81
1,27
1,49
1,99
2,35
2.51
2 . 96
3.05(0.17)
2.44(0.23)
3.43(0.12)
1 , 90
1. 64 (0. 19)
1. 40(0. 19)
0.41
0.49
0.50
0.50
0.52
0.54
0.56
Fig A2 .3 Terometer Chucks to repcoduce Holding Conditions of the
Table A2.3
The Breaking Stresses and Z-factor of Gut Strings on the Harp
String and Number o Diameter 	 Breaking	 Z-factor
String No. strings	 (mm)	 Strss
tested	 (10 N/ 2)in
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Appendix 3: Changing the Resonant Moaes of the Soundbox
by Changes to the Straining and Cover Bars
This appendix deals with research on the changes to the resonant
modes of the Isolated soundbox with changes to the straining and cover
bar, The appendix begins with a short background section, then the
experimental procedure is stated and the results given.
A3.1: Background }aterIal
The luthier and acoustician Carleen Hutchins has worked for nearly
three decades on the acoustics of the violin and related instruments. In
her 1983 paper "Plate Tuning for the Violin Xaker" El], she was able to
summarise most of her findings. Taking the simple case of a free-free
bar bending in its first and second modes, as shown in FIg.A3.1, it is
well established that the resonant frequencies are determined by the
ratio of stiffness to mass for the particular mode of the bar. The
stiffness of abar is principaly confined to the parts of the bar where
there is actual bending; these areas are shown of the particular mode in
FIg.A3.1. Removing wood from these areas affects the stiffness of the
bar toa much greater extent than the mass and the resonant frequency of
the mode falls.However, if wood is removed from another part of the bar-
at the ends for example-the mass term for the bar is affected to a
greater extent than the stiffness and the frequency rises.
Hutchins extends this general principle to the plates of the violin.
She concentrates on the ring (or 5th) mode of the free plates and
229
indicates the areas of the plates wh-e removal of wood most affects the
stiffness of the resonances. There is an additional complication with
the top plate of the violin for the bass bar adds extra stiffness and
mass. Bissinger and Hutchins[2J shows how changes to the shape of the
bass bar on two violin top plates affect the motion of t.liese plates.
Richardson and Roberts £3] have unvestigated the vibrations of the
classical guitar in considerable detail. In their theoretical analysis,
they report now the resonant modes of this instrument are affected by
the thickness of the top plate and the size of the bracing and cross
struts on the plate.
Vith the piano, K. Wogram [4]has researched the acoustics of this
instrument and has investigated the effects of the iron frame and the
ribbing of the soundboard on the resonant modes.
What, as Firth [5] often asks, is the punchline to all of this? The
punchline is that the acoustics of these instruments are affected by
the structure of many of the constituent parts of each instrument. The
results for the straining bar are generally applicable to these
instruments, but precise information is only gained by experimental
analysis.
A3.2: The Experimental Method
The same method was used for this work as that described in Chapter
6. The soundboard was suspended by strings fixed to the treble block of
the box and held in position by other strings at the bass end of the
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box. The input admittance of the soundbox was taken at 40 poInts along
the centre of thecover bar of the box. The information was recorded
digitally and transferred to the VAX main-frame computer for storage and
analysis. The data is presented in the form of contour maps, with the
same axes and contour scaling as explained in Sectlon6.3. The reference
level of the deciBel readings is that 0d8 1.58 x 1Os/kg. Accurate
measurements of resonant frequencies were made with accurate measuring
measuring amplifier in the B+K Heterodyne Analyser (B+K2010),
The measurements were made on a completed soundbox. The straining
and cover bars were gradually cut away and the input admittance measured
at various stages of this cutting. The soundboard had to be unscrewed
and cut from the soundbox in order to get at the straining bar then
fixed back to the box.
The input admittance of the saundbox was measured at five different
stages:
A:The straining and cover bars at normal size
B:The straining bar cut down to of total second moment of inertia,
but the cover bar Intact
C:The straining bar cut down to ½ total second moment of inertia,
but the cover bar intact
D:The straining bar completely cut away, but the cover bar intact,
E Both bars completely cut away.
The parts of the stra:Lning bar that had to be cut in order to get to
stages'B and C are shown in Fig. A3,2. The total second moment of
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inertia was calculated using the same computer programme used to
calculate the position of the neutral axis of the soundboard, as
described in Section 3.6.
A.3:The Results
The Input admittance maps for the stages A to E are given in
Figs.A3.3 to A3.8.Tbe maps show some general changes to the action of
the soundboard, It is clear that the soundboard becomes increasingly
flexible as the bars are cut away. In the first map, there Is only a
small active area that Is bounded by a 104dB contour line, while in the
final map, there Is a much larger area bounded by the same level of
contour line. The peak-to-trough heights of most of the antinodal areas
fall. In the first map, the different active areas are clearly bounded
by rings of contours. In the last map, the active areas are not so
clearly defined.
The shapes of the modes from S(1,1)- to 5(1,7) over the same stages are
given In Figs. A3.9 to A3.19.
The frequencies S(1,i)- and S(1,1)+ modes change little in frequency
over tire stages. In general, the level of input admittance Increases as
the bars are cut away. This is predictable because the soundboard is
becoming more flexible. The S(1,1)-I- mode changes into a dipolar mode as
the bars are cut away. Without the bars, there are two areas of the
soundboard that could support vibration at this frequency. The effect of
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the central bars is to elongate the motion along the length of the
soundboard.
The frequency of the 5(1,2) mode drops from stage A to stage B,
showing the wood removed between these stages was providing some of the
stiffness that affected this mode. The removal of the cover bar, between
Stages D and E, is to iricreae the resonant frequency showing that the
bar is adding a mass term to the vibration of this mode. The shape of
this mode changes during the stages, so that the dipolar mode changes in
to a number of smaller resonant peaks along the length of the
soundboard.
The 5(1,2)' mode was identified, in Section 6.5.3, as being the
response of the soundbox to the Al internal air resonance. The resonant
frequency of this mode changes by less than a semitone over the removal
of the bars. The input admittance level for this mode increases as the
board becomes more flexible.
Some general comments can be made about the S(l,3),S(l,4),S(l,5),
S(l,6) and S(1,7) modes. The greatest changes in resonant frequency for
these modes occurs between Stages C and D, and Stages D and E.The first
of these involved the cutting of the straining bar at the treble end of
the board. The level of Input admittance at the maximum points increases
over lhe cutting of the bars.
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JU1L
A summary of the changes in resonant frequency with the cutting of
the straining and cover bars is given in FIgA3.20. The bars contribute
little that effects the modal frequencies of the 8(1,1) modes, but have
an increasing effect on the higher modes.
This information is used to suggest a novel test design for the
straining bar of the "Orchestra", which is described in Section 10.4.
A3.5: Referenc
1, C Hutchins "Plate Tuning for the Violin Naker" CASNL 39 25-32 (1983)
2. G Bissinger et al "Tuning the Bass Bar in a Violin Plate" CASNL 28
(1978)
3. B Richardson et al "The Adjustment of )lode Frequencies in Guitars"
Roy Swe Aca l'tus Pub No.46.2 285-302 (1985)
4. K Wogram "Acoustical Research on Pianos" Das Musikinstrument 694-880
(1981)
5. I Flrth, Dept of Physics, University of St Andrews: private
communication
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